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Abstract

A near-field scanning optical microscope (NSOM) has been modified to perform
near-field photocurrent imaging via the development and implementation of a two-
stage amplification/detection scheme. The near-field photocurrent imaging capability
has been employed along with simultaneous topographic image acquisition in the
analysis of the buried Schottky interface of nickel-silicon carbide (Ni-SiC) Schottky
contacts. Silicon carbide is stable at high temperatures and operating powers and thus
could fulfil a wide range of potential applications, however in order to implement SiC
devices in such applications stable metal contacts are a necessity and remain a field
requiring optimisation. Near-field photocurrent imaging has directly imaged the
buried interface properties and lateral variations in the Schottky barrier energy on the
nanoscale, which have been related to the macroscopic electrical characteristics of the
Schottky contact. The Schottky barrier energy has been increased by 0.155eV via
annealing at 500°C, this resulted in an increase in the lateral variation in barrier
properties, as reflected in the ideality factor increase of 0.3, and similarly recorded by
near-field photocurrent imaging. Near-field photocurrent imaging has also been
applied in the characterisation of quantum well laser devices, and powerfully
combined with the complementary optical collection and topographic imaging modes.
The photocurrent imaging mode probes the electronic device characteristics, whilst
near-field collection imaging characterises the optical output of operating laser
devices, the two independent imaging modes are correlated by the simultaneous
surface topographies. GaInP / AlGaInP based quantum well lasers have been used in
the study of the effectiveness of multi-quantum barrier (MQB) reflectors in enhancing
the electronic carrier confinement of the quantum well active region, and thus in
increasing the operational efficiency of such devices. Collection imaging has proved
that the incorporation of MQB’s does not impair the devices optical characteristics,
whilst near-field photocurrents have sensed the location of the MQB’s and detected
improvements in the electronic carrier confinement. The NSOM has also been
employed in the characterisation of InGaAsP / InP buried heterostructure multi-
quantum well lasers, imaging the active region and surrounding current blocking
structure at high resolution. Photocurrent imaging has mapped the location and extent
of the pn-junctions that form the current blocking structure, and aided the
identification of probable current leakage paths through the structure. Collection
imaging has characterised the highly confined optical output of such devices and
located electroluminescence external to the active region, again aiding the
identification of current leakage pathways. These imaging modes are complemented
by simultaneous topographic images displaying unprecedented sensitivity to the
active region and sample structure.
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1. Introduction

Chapter 1

Introduction

As the technology applied in modemn electronics rapidly progresses, new
semiconductor materials and their application in increasingly complex devices are
continually developing. In order to increase operating speeds, electronic devices are
decreasing in size into the nano-regime where the overall device properties are
dominated by the quantum mechanical characteristics of confined structures, instead
of previously being characterised by the bulk properties of the constituent components
of the device. The development of nanotechnology therefore requires the
simultaneous development of characterisation techniques, particularly in respect to
their resolution. Classical macroscopic characterisation techniques typically measure
the overall properties of a device, whereas analysis techniques which probe devices at
the micron scale are well known and heavily used. However, the characterisation and
development of quantum structures ultimately requires the structural, electronic and

chemical properties to be probed on the nano scale.

Different microscopy techniques have been developed in pursuit of the demands of
increased resolution, leading to the advent of the first serial scanning imaging
technique, the scanning tunnelling microscope (STM)'?, followed by a host of related
proximinal probe techniques encompassed within the field of scanning probe
microscopy (SPM). The various SPM techniques exploit a spectrum of different
probe-sample interaction mechanisms to characterise a plethora of properties on the
nano-scale. The near-field scanning optical microscope (NSOM) utilises scanning
proximinal probe technology to image a sample using an optical field with nano-scale
lateral resolution, thus overcoming the classical resolution limit of far-field

microscopy (i.e. diffraction)’.

The study of the interaction of a sample with light forms the oldest and most used
analysis technique available. The optical properties of a sample can provide
information regarding a wealth of characteristics including the surface morphology,
refractive index distribution, polarization properties, and electronic structure*. Optical

interactions are highly favoured for analytical techniques because as well as giving a
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wealth of information they are inherently non-destructive, unlike many other

techniques.

The high lateral resolution of NSOM is a consequence of the use of a sub-wavelength
aperture within the imaging process, forcing light to interact in the highly confined
near-field regime>®. By interacting a sample with the evanescent field of a sub-
wavelength aperture, the optical properties of a sample can be characterised on the
nano-scale with similar approaches to those used in traditional far-field studies. Thus
the powerful optical characterisation techniques are transposed into the sub-

wavelength resolution range.

The work carried out within this thesis aims to exploit the near-field of NSOM in
order to characterise a variety of semiconductor device systems, and extend specific
analysis to the generation and mobility of charge carriers at the surface of structures
and at buried interfaces. To do this a detailed understanding of the specific
technologies and their corresponding mechanisms is required, the basic considerations

are described briefly within the following sections.

1.1 Near-field photocurrent microscopy

Optical fields are also used in the analysis of the electronic properties of fabricated
semiconductor devices via the optical stimulation of charge carriers within the device
structure, and subsequent measurement of the intensity of the photo-generated current
at the devices external electrical contacts. The photo-stimulated current is sensitive to
the electronic structure of the sample under analysis, thus the local photo-generation
of charge carriers probes the lateral variation in sample properties. This has
traditionally been performed in the far-field regime by the technique of optical beam
induced current (OBIC)’. To increase the lateral resolution of this imaging
mechanism, the technique is transposed into the highly confined regime of the optical
near-field by near-field photocurrent microscopy. This is a potentially invaluable
technique that has previously received limited investigation® due to the inherent
difficulties associated with its implementation. The theoretical foundations of near-
field induced photocurrents are discussed within chapter 5 and the experimental
development and implementation of this imaging mechanism are addressed in chapter
6.
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1.2 Metal - Silicon carbide contacts

Silicon carbide (SiC) is a highly researched semiconductor by virtue of its high
stability with temperature and operating powers, thus making it suitable for
applications beyond the scope of silicon based devices. However, the implementation
of SiC based devices is dependent upon the successful formation of stable metal
contacts, and this is an area which requires further optimisation®. Nickel has been
identified as a suitable candidate, and is thus researched in consideration for both
ohmic and Schottky contact types. Near-field analysis techniques are applied within
this investigation to the buried Ni-SiC Schottky interface, the theoretical aspects of
which are discussed in chapter 3. Photocurrent imaging is sensitive to buried
interface properties by optically probing directly through the thin Ni top contact by
exploiting internal photoemission (IPE)'’, and detecting the photo-stimulated current
of the interface at the external device contacts. The results of this investigation are

the topic of chapter 7.

1.3 Quantum well laser diodes and multi-quantum barrier reflectors

GalnP / AlGalnP based quantum well lasers operating at the 630nm wavelength are
highly sought for several applications, but suffer from the thermally activated loss of
electrons from the active region, thus reducing the efficiency of achieving a
population inversion to sustain stimulated emission''. The band-offset determines the
active region confinement and it has been shown theoretically that these can be
increased by the inclusion of a multi-quantum barrier (MQB) super lattice within the
p-type cladding layers, adjacent to the active region'?, as discussed within chapter 4.
Experimentally the band-offset enhancement is rarely successfully implemented
within such devices, primarily as a consequence of inaccuracies in the growth of the
MQB super-lattice and the complexity of the electronic band structure in such
systems''. The near-field photocurrent imaging mechanism is sensitive to the
electronic properties of a device, and is applied in the analysis of MQB’s and their
effectiveness in increasing electronic confinement to the active region, the results of

which are discussed in chapter 8.

1.4 Buried heterostructure multi-quantum well lasers
The near-field imaging mechanisms are similarly applied in the investigation of

buried heterostructure multi-quantum well (BH-MQW) lasers, used primarily in
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telecommunications. The objective of the buried heterostructure is to channel injected
charge carriers efficiently to the MQW active region for stimulated emission, and to
optically emit at the fundamental mode by confining (waveguiding) the stimulated
radiation'® (chapter 4). Near-field characterisation techniques are applied to the
output of the operating device, and in the analysis of the electronic properties when

un-biased, the results of which are considered in detail within chapter 9.

1.5 Outline of thesis

The thesis reviews the origins and fundamental theory of NSOM that lead to its super-
resolution capabilities in defeating the classical diffraction limited resolution of far-
field imaging within chapter 2. In order to facilitate the interpretation of data, the
fundamental principles of the Schottky diode and laser diode samples investigated are
then introduced within chapters 3 and 4. This study primarily focuses upon the use of
near-field photocurrent imaging as an analysis tool, and thus its theoretical treatment
and application in the characterisation of such samples is considered in chapter S.
The key experimental developments and procedures are then addressed within chapter
6, particularly focussing upon the amplification/detection scheme implemented during
this work to detect the sub-pico amp photocurrents. The photocurrent imaging
capability was initially developed using the Ni-SiC Schottky diode sample. Specific
samples were prepared and analysed simultaneously as the perfecting of the
photocurrent imaging capability. Therefore the results of the investigation of Ni-SiC
Schottky diodes are then addressed in detail within chapter 7. The near-field analysis
techniques are subsequently applied in the characterisation of MQB and BH-MQW
laser diode structures, the results of which are presented an analysed in chapters 8 and
9. The work is finally concluded within chapter 10, and the continuation of these

studies is discussed.
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2. Theory: Near-field optics and scanning microscopy

Chapter 2

Theory: Near-field optics and scanning microscopy

2.1 Conventional microscopy and resolution

Optical microscopy techniques have a long history of development and are widely
applicable in a broad spectrum of scientific applications due to the powerful optical
contrast mechanisms available. Spectroscopic capabilities, high temporal resolution,
and polarization properties are enormously informative in many applications.
Coupled with this is the non-destructive nature of the radiation used and the variety of
environments possible.  The combination of such properties makes optical
microscopy a very useful technique. There is however one major drawback which is
related to the ultimate spatial resolution attainable by conventional (far-field) optics.
The German physicist Abbe' used diffraction theory to predict the existence of a
theoretical resolution limit. For an objective lens of numerical aperture NA, the
resolution is approximately half the wavelength A, of the light employed. It was
subsequently expressed concisely by Lord Rayleigh in the relation known as the
Rayleigh criterion, equation (2.1), which states that two point objects may be resolved
only if the distance » between them is greater than a quantity involving the
wavelength, A, of the light used, the refractive index, », of the medium, and the semi-

angle of aperture, 6, of the objective lens used.

1.224
"= 2nsin(0) (2-1)
The criterion was established assuming propagating waves and intimately ties the
ultimate resolution of far-field microscopes to the wavelength of light used.
Improvements in resolution, i.e. decreases in r, are achieved by increasing the
aperture angle of the microscope and by working in very high index materials, as in
immersion microscopy, however the increase in resolution is only small. Optical
resolution is further improved by using light of a shorter wavelength. However, when
UV and shorter wavelength photons are used, restrictive problems arise due to the
absorption of such wavelengths by atmospheric gasses, liquids, and many materials

used in conventional optics. The most dramatic gain in resolution is achieved by

moving away from optics, with the use of propagating electrons, as in electron
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microscopy”; however samples must be conducting or coated with a conducting layer,

and are significantly altered by the imaging process.

2.2 The development of NSOM

The need to overcome the diffraction limited resolution of optical microscopy led to
the conception of near-field scanning optical microscopy, NSOM. In 1928 Synge
proposed the concept of the near-field scanning optical microscope in an exchange of

345 Synge proposed an optical imaging technique that would

letters with Einstein
defeat diffraction limited resolution through the use of a tiny light source formed by
illuminating a sub-wavelength diameter aperture in a conducting metal screen, as
represented in Figure 2.1. The light, incident from the rear of the screen, is laterally
restricted by the dimensions of the aperture and a confined field exists within and near
the front of the aperture, extending approximately one aperture diameter away. This

is known as the near-field region.

Incident plane waves

) N
N o

7] Metal screen

Near-field | ﬂt <<A
[ | Sample
Far-field \
Wavelength of light A

Figure 2.1 Schematic representation of Synge’s proposed method of achieving sub-diffraction
limited optical resolution. An optical field is confined by a sub-wavelength aperture in a metal
screen. By positioning a sample in close proximity to the aperture (within the near-field region) it
can be optically probed in sub-wavelength regions.

By positioning a sample in front of the aperture within this near-field region, only the
area of the sample directly beneath the aperture is illuminated, allowing optical image
formation by raster scanning of the sample. Thus the optical properties of the sample
are probed on a sub-wavelength scale. Synge accurately described current near-field
scanning optical microscopes more than fifty years before they were technologically

possible. He suggested that the realization of near-field microscopes would require
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nanometric position control, and sharpened glass probes with vacuum evaporated

opaque coatings to confine the optical field to a sub-wavelength aperture at the apex.

The feasibility of the proposals of Synge were first confirmed theoretically by the
work of Bethe®, who addressed the passage of light through a sub-wavelength
diameter hole in an infinitely thin perfectly conductive screen. Prior to the work of
Bethe, the interaction of light with small holes (diameter > A) was described using
conventional diffraction methods, however this technique failed to accurately consider
the boundary conditions at the aperture. This resulted in a small deficiency for large
apertures, and becomes increasingly important as the aperture size is decreased.
Bethe overcame this limitation by satisfying Maxwell’s equations and the boundary
conditions with the introduction of fictitious magnetic surface charges and currents in
the aperture region®. However, in Bethe’s original work the electric field in the
aperture was not continuous due to an error in the magnetic current density
expression. This was later corrected by Bouwkamp™®’, satisfying the expressions for

the field components just above the aperture in the near-field region.

The near-field concepts proposed by Synge were later reaffirmed many times in
experiments carried out independently from 1950 onwards'®'"121314 A
corroborated Synge’s original configuration and each a step closer to the realisation of
near-field microscopes. Commonly the authors concluded that the ultimate resolution
is determined by the effective diameter of the source and that sub-wavelength
distances could be resolved with the fabrication of sufficiently small sources. It was
not until 1972 that the near-field method of sub-wavelength resolved imaging was
conclusively demonstrated. Ash and Nichols used microwave radiation (A = 3cm)
and a 0.5mm diameter aperture to image periodic features in a metal grating with A/60
spatial resolution'>. These results illustrated the feasibility of Synge’s original
proposal and prompted renewed interest in scanning near-field optical microscopy
using visible light. However it took another decade to overcome the difficulties
presented by NSOM using visible light, i.e. the restrictions imposed on aperture size

and probe-sample positioning by the shorter wavelengths of visible light
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2.3 STM and the realisation of NSOM at visible wavelengths

In 1981 Gerd Binnig and Heinrich Rohrer'®'” developed the scanning tunnelling
microscope STM, which utilised piezoelectric position control to probe sample
surface topographic and electronic properties. The STM essentially utilises a sharp
metallic tip, which is ideally a single atom sharp at the apex, to probe conducting or
semiconducting samples. An electric potential is applied across the tip and sample
and the tip is approached to a few angstroms from the sample surface. Electrons
quantum mechanically tunnel between electron states within the sharp tip and sample
beneath, and a high resolution tunnelling map can be constructed by raster scanning.
It was not until the advent of the STM that it became possible to utilise technologies
to control the position of an optical aperture and, via raster-scanning a sample in its
near-field, construct an optical image pixel by pixel. In fact the development of the
STM prompted world wide research into similar proximinal probe techniques which
essentially differ only in the nature of the measurable nanoscale interaction, and hence

the field of Scanning Probe Microscopy (SPM) was born.

The first near-field scanning optical microscopes at visible wavelengths were
subsequently implemented almost simultaneously during 1982 at IBM Zurich (where

1
l 8,19

the STM originated) and at Cornell University. D. Pohl et a at Zurich clearly

demonstrated sub-wavelength resolution by imaging across a step of nanometer size.

P**?! reported sub-wavelength

Independently at Cornell University A. Lewis et a
resolution and near-field imaging of a test grating at a resolution of 150nm. The
almost immediate implementation of visible light NSOM upon the advent of
piezoelectric positioning technology indicated that the theoretical understanding of

near-field optics was ahead of the technological capabilities, as previously predicted

by Synge’ 4,

2.4 The optical imaging process

Prior to the implementation of near-field scanning optical microscopy, optical
imaging had been performed by projecting photons from a source, on to the sample
under analysis, and capturing the reflected light using a detector. The reflection
trajectory and number of photons is dependent upon the sample properties, thus
information about the sample is projected onto the detector target and an image of the

sample is collected. The process of imaging aims to closely measure the sample
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properties however the sample is a 3-dimensional object, whereas an image is usually
a 2-dimensional mapping of the intensity of some property of the sample. The
imaging process is thus more accurately described by considering the light field
intensity associated with the sample, énd the corresponding intensity in the image
plane. The light field over a sample is related to the sample structure by Maxwell
equations which link the electron densities inside a sample to its external
electromagnetic field2. Oscillating charges and currents within a sample induce
electromagnetic field variations that propagate into free space, and by the principle of
continuity, the spatial field distribution very close to the sample surface will
reproduce the charge density and current distributions of the sample surface. This
implies that the field very close to a sample objects surface can vary over extremely
small distances, far less than a wavelength. This leads to the distinguishing of the two
field regimes, the near-field that exists within a few nanometers of the sample surface,
and the far-field which extends from the near-field region to infinity. The near-field
contains both propagating components and non-homogenous wave components
confined to the sample surface and exponentially damped away from the surface. The
near-field properties are intimately tied to the sample material near the surface and
thus the near-field cannot exist in free-space. Note, the propagating and non-
propagating components are complementary and cannot exist in isolation, thus if the
non-propagating components are perturbed the propagating components are similarly

modified.

2.4.1 Evanescent waves

The non-propagating components of the near-field, tied to the sample surface, are
known as evanescent waves and were originally observed by Newton when studying
the chromatic effects of light. When attempting to frustrate the total internal
reflection of an optical beam incident upon a prism surface by contacting it with a
second prism of convex surface, as shown in Figure 2.2, Newton expected to observe
the transmission of light at the point of contact’’. The cross-sectional area of the
transmitted beam was however greater than the contact area of the two prisms.
Newton attributed this to the velocity of the light particles carrying them through the
surface of the first prism, prior to their re-attraction by the matter of the second prism,

a simple explanation not entirely dissimilar to the modern near-field reasoning.

10
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Figure 2.2 The total internal reflection of a light beam within a prism is disrupted by the
interaction of a second prism when approached within a distance of less than a wavelength. The
optical intensity transmitted through the second prism is an exponential function ofthe distance, d.

This is explained by the continuity of boundary conditions across the prism surface,
the field exists inside the prism thus must also exist outside of the prism, propagating
along the surface but attenuated perpendicularly away from the surface. Thus if a
suitable dielectric material, such as the second prism, is immersed in an evanescent
field, a conversion into a propagating field occurs in respect to the continuity
conditions at the interface, this is known as the photon tunnelling effect. This
discussion of Newton’s original experiment demonstrates the presence and interaction
of the near-field (evanescent waves) by a macroscopic experiment; however it does
not describe the interactions involved in the imaging process of the nanoscale near-

field probe which must incorporate diffraction into the conversion process.

2.4.2 Fine structure and evanescent fields

The simplest description of the interaction between a nanoscale diffracting object,
such as an NSOM probe, and an evanescent field assumes that the probe tip behaves
as a dipole, point scattered. Placing the dipole into the non-radiating evanescent
field causes it to become excited, it then subsequently generates an electromagnetic
field possessing both propagating and non-propagating components. The propagating
components are thus transported away from the sample surface and can be detected by
a remote (far-field) sensing element. This basic approach is generalised for extended
objects by the theoretical work of Wolfand Nieto-Vesperinas2 in the assumption that
a light beam impinging on a limited object will be always converted into propagating
and evanescent fields. This is applicable for both propagating and evanescent

incident fields22. A limited object is one which possesses a sharp discontinuity, i.e. its

11
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associated spatial Fourier spectrum is infinite and contains all spatial frequencies from
zero to infinity. Limited objects include for example a metallic cluster, and a circular
hole in an opaque screen. An example of an extended object is a metallic layer
deposited upon a semiconductor substrate, which can be considered as a summation
of small limited objects such as metallic grains. The Wolf-Nieto theorem is thus
applicable to such a sample object characterised by fine structure with details smaller
than N2, and a light beam impinging upon it will be converted into propagating
components able to propagate through free space, and evanescent components
confined at the sample surface. Propagating components are connected to the low
spatial frequencies of the sample while evanescent components are characterised by
the sample’s high spatial frequencies®. Thus all sub-wavelength details of a sample
are encompassed by the non-propagating evanescent modes, thus requiring the
interaction of a near-field scattering source to release the sample’s fine structure by

conversion into propagating modes for detection by a remote sensing element.

A sample characterised by high spatial frequency will generate evanescent waves
when illuminated with either an evanescent or propagating source. The resulting
undetectable evanescent fields do not obey the Rayleigh criterion equation (2.1) and
exhibit sub-wavelength spatial variations, which by reciprocity can be converted into
propagating fields by a limited object. Note the evanescent field is converted by a
limited object into evanescent and propagating components. The conversion process
is linear and therefore the detectable propagating field is directly proportional to the
Poynting vector at a certain point of the evanescent field. This allows the
construction of a 2-dimensional image using a raster scanning mechanism to

accurately reproduce the localised variations of the evanescent field.

A non-propagating field can be mathematically described by equation (2.2) which

incorporates the previously discussed characteristics.

Ulx,y,z,t) = A(x,y,z) x exp[-i(kx + kyy)] x exp(-0z) x exp(iw?) (2.2)
—— 5 ~ e ——
Field Wave propagation Attenuation Time
amplitude term in the (x,)) along the dependence
at (x,y,2) plane z-axis of the field

12
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The field propagates in the (x,y) plane i.e. along the sample surface, but is attenuated
exponentially in a direction perpendicular to the surface (z), the decay coefficient a is
a function of the materials properties and spatial structure. The finer the surface
structure the greater the magnitude of @, and thus the greater the field attenuation and

confinement to the surface.

2.4.3 Near-field resolution and Heisenberg’s uncertainty principle
When considering the resolution capabilities of near-field imaging it is useful to
consider the Heisenberg uncertainty principle, which can be seen as a generalisation

ofthe Rayleigh criterion encompassing both propagating and evanescent fields™.

The optical image of an object can be represented by a field distribution U{x,y,z) at a
point P(x,y,z), as shown in Figure 2.3. It is characterised by its amplitude 4{x,y,z) and
propagation vector k(x,y,z), where the magnitude of k£ is given by Wkl = 2irn/\ when

propagating within a medium of index n.

k(x,y,2)

Figure 2.3 Representation of a section of an electromagnetic field, which at a
point P(x,y,z) is characterised by an amplitude and propagation vector k(x,y,z).

The field contains the information about the sample object and thus exhibits local
variations, implying the probability that two separate points will have different
intensities. The ultimate resolution of an imaging system is determined by the
smallest separation between two discemable points, thus it is important to consider

the uncertainty in the measurement of the position of a point P, i.e. Av, Ay, Az, and

13



2. Theory: Near-field optics and scanning microscopy

the uncertainty in the measurement of the propagation vector Ak,, Ak,, Ak,. Applying
the Heisenberg uncertainty principle in the x-direction (note, the same argument is
applicable in the y-direction)>>*®

Ax x Ak, =1 (2.3)
The variable range of k, is Ak, = 2k,™* where k,™ is the largest value that k, can
take, therefore

Ax =1/ (2 k) 2.4
Thus for a rapidly varying field Ax is very small and the light is strongly scattered i.e.
Ak, becomes large, implying that a strongly perturbed field is strongly scattered and
diffracted”. The smallest resolvable feature is therefore determined by the largest
value that can be expected for k,, which is the projection of the propagation vector k&
in the x-direction, as given by

ky = |k| sinf (2.5
Where § is the projection angle of k from the x-axis, and £, is always smaller than the
modulus of the k vector. The uncertainty relation (2.4) then becomes

Ax =N/ (2n.sinf) =N/ 2n (2.6)
reproducing the classical Abbe limit of resolution (equation (2.1)), however if the .-
components can take complex values |k,| is no longer limited by |k| and must only
satisfy

e = (M’ - (ko) - (ky)* )" 2.7
therefore, k. can take large values if and only if either k, or k, are imaginary. Thus
returning the definition of an evanescent field, given in equation (2.2), for the case of
ky and k, real, with k, complex. The Heisenberg uncertainty relation therefore implies
that an electromagnetic field can vary over sub-wavelength dimensions, providing the
propagation vector k is 2-dimensional in real-space and the field is confined to the

samples surface, i.e. by its third complex component.

2.4.4 Modelling near-field optics

The modelling of near-field optics is highly complex and must account for the actual
geometries of real NSOM probes and the finite conductivity of the metal cladding
layer, which can affect the resolution of a particular probe. The theoretical modelling
of the field of an NSOM probe must also incorporate the influence of a closely

approached sample, which can strongly influence the power transmission a probe.

14
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Ideally this requires the exact solution of Maxwell’s equations, however analytical

solutions are not available and approximate methods must be employed.

A very important technique in understanding the optical interactions and super-
resolution of a near-field microscope has been the multiple multipole method which is
based on matching boundary conditions at interfaces. This has been extensively used
by Novotny et al*"*® to accurately model in two and three dimensions the field
distribution and radiation properties for specific geometries of metal clad, tapered
dielectric probes, and nearby sample. The theoretical results have proved important in
understanding and interpreting the optical images of NSOM, particularly in
addressing the complex and controversial issue of the coupling of the topographic
image, i.e. probe z-motion, and optical image, which is addressed closely in sections

6.7 and 6.8.

2.5 The tapered optical fibre NSOM probe

The primary element of any scanning probe microscope is the probe itself which
determines the quality of the images obtained, this holds true for NSOM. Many
NSOM probe designs have been investigated to enhance optical signal levels and
optimise lateral image resolution. The most commonly utilised and successful
method is the aperture probe introduced by Betzig et al*®*° which consists of a
tapered optical fibre probe with a sub-wavelength diameter aperture at its apex. These
are discussed here in some detail as such probes have been extensively employed in
this work. Probes are fabricated by the highly reproducible process of heating a
single-mode optical fibre in the beam of a focussed CO, laser, and pulling to a fine
point using a pipette puller, the cone angle and tip diameter are controlled by the
temperature and the pull rate. An extensive study of how pulling parameters affect

taper angle, tip size and optical throughput was conducted by Valaskovic®'.

As light propagates along the probe towards the apex the diameter of the tip reduces,
and once below the mode-field cut-off of the waveguide, light escapes from the sides
of the fibre probe shaft preventing the formation of a well defined optical aperture. In
order to increase the optical confinement of the probe and define a sub-wavelength
aperture the sides of the probe are coated with an opaque metal by thermal

evaporation. The deposition of a metal by evaporation is a line-of-sight process, thus
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as the metal is evaporated vertically the probe is tilted away from the horizontal by
10-20° to leave an uncoated aperture at the apex. The probe is also rotated during this
process to ensure an even metal coverage. For the application of visible wavelengths
aluminium exhibits the shortest skin depth and thus requires a minimum thickness of
metal coverage in order to provide optical confinement, typically a 50-100nm thick
layer is used. Ideally a perfectly smooth uniform metal coating would be applied,
however aluminium forms grains and thus the layer must be suitably thick to prevent
the formation of pin-hole leaks which limit the optical resolution and photo-bleach the

image.

The precise properties of a probe are highly dependent upon its geometric parameters,
for a 50-100nm diameter aperture when performing illumination-mode NSOM, a laser
of mW power is coupled into the probe fibre tail, the power at the aperture is typically
of nW order’?. The inefficiency of the probes is a consequence of the conversion
from propagating to evanescent modes as the diameter in the taper region decreases.
The lost light is either reflected back up the fibre or absorbed by the Al coating.
Thermal absorption results in a local heating of the probe tip which can lead to

catastrophic tip damage, thus limiting the operating power of a probe™.

The tapered optical fibre probe has proved very successful in many diverse
applications. However the requirement to enhance the optical intensity levels and
tailor the probe for applications such as single molecule fluorescence detection, and
spectroscopic imaging has led to the investigation of alternative probe designs. These
include the localised plasmon resonance probe®, attaching a fluorescent molecule at
the apex of a NSOM tip35, and using a laser diode as a direct NSOM source™®,
Recently perhaps the most promising configuration has been the apertureless-NSOM,
which involves the focussing of an external optical source onto the apex of a sharp

metal probe to enhance the field directly beneath the tip*’.

2.6 Probe-sample distance regulation

In order to implement the near-field interaction of the probe aperture and sample, the
probe to sample separation must be maintained at a distance much less than the
diameter of the probe aperture’®. For an aperture diameter of 50nm a probe-sample

separation of only a few nanometers is necessary. For the purpose of scanning a near-
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field optical image, this separation must be constant throughout the scanning process,

in particular to prevent a catastrophic collision occurring to the probe.

The most practical method of controlling tip-sample separation is to monitor the force
interaction between the probe and sample, as utilised in an atomic force microscope
(AFM)*®. The AFM makes use of force variations normal to the sample surface that
are dominated by attractive Van der Waals forces and repulsive interatomic forces™.
The commonly used aperture-NSOM probe is constructed from an elongated tapered
optical fibre with its axis oriented normal to the sample’s surface. The presence of the
long flexible optical fibre tail from the NSOM probe renders AFM-type normal force
detection impractical. Instead, shear-force detection is employed to manage probe-
sample separation, and was originally developed with NSOM in mind. The NSOM
fibre probe is oscillated laterally, parallel to the samples surface, at its resonant
frequency. Upon close approach of the sample surface shear-forces interact between
probe and sample resulting in mechanical damping of the oscillation of the NSOM
probe. The magnitude of this damping is used as a measure of probe-sample
separation and is regulated for scanning. Early configurations relied upon optical

detection schemes to monitor the probe oscillation***'*

, where a laser was focused
onto the oscillating probe and the oscillation amplitude measured by differential
interferometry or by measuring the oscillation in the specularly reflected light.
However, the presence of this external light source so close to the probe aperture risks
contamination of the near-field interaction between probe aperture and sample, and so
a non-optical detection mechanism is preferable. Tuning forks offer a non-optical
piezoelectric detection mechanism for probe-sample separation®, and are currently

the most commonly utilised method in near-field microscopes and used in this study.

2.6.1 Quartz tuning forks and force detection

Quartz tuning forks offer perhaps the most practical method of shear-force sensing
currently available for NSOM application. Quartz is a piezoelectric material in which
mechanical stress results in electric charge displacement that is picked up by electrical
contact pads. The electrical contact configuration (see Figure 2.5) is designed to
optimize charge pickup at the mechanical resonance of the tuning fork, when the
prongs are oscillating in opposite directions at their maximum amplitude®’. The

contact pad arrangement is such that the piezoelectric charge displacement is always

17



2. Theory: Near-field optics and scanning microscopy

directed from one pad to the other, coupling the two prongs of the tuning fork
piezoelectrically. At resonance, f), the bending of the prongs is maximised,
generating a piezoelectric current that oscillates with the prongs and is directly
proportional to the oscillation amplitude, hence it is a direct measure of the shear-
force interaction between the probe and sample. Figure 2.4 is a typical piezoelectric
response of an oscillated tuning fork showing a sharp resonance to occur at
approximately 95KHz, and high quality factor (Q). The Q-factor is defined as Q =f; /
4f, where Af is the full frequency width at the half-maximum of the tuning fork

resonant amplitude*.
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Figure 2.4 Frequency spectrum of a tuning fork—probe assembly, showing a typical oscillation
response with a strong mechanical free-resonance featuring at approximately 9SKHz. The tuning fork
(probe) is driven at resonance (red arrow) and approached into shear-force feedback with the sample
surface.

2.6.2 Shear-force feedback for distance regulation

The NSOM probe is an optical fibre that is tapered at the tip and clad in aluminium
for optical confinement, to maximise throughput at the aperture. The optical fibre is
then glued along the side of one prong of the tuning fork as shown in Figure 2.5. The
other side of the tuning fork is mechanically oscillated by an external piezoceramic,
known as a dither piezo, to excite mechanical resonance of the tuning fork-probe
assembly. The oscillating probe-tuning fork generates a piezoelectric current
proportional to the oscillation amplitude. The probe is approached normally to the
sample and the oscillation is damped by shear-forces when the tip is within tens of
nanometres of the surface. The damping is a measure of the probe—sample interaction
force and is used to regulate the probe—sample distance separation. The piezoelectric

current from the tuning fork is amplified by a transimpedance amplifier to an
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oscillating voltage, and the amplitude or phase lag with respect to the oscillation
signal is used to measure probe-sample interaction/separation using a lock-in
detection scheme. The instruments utilised for the work within this thesis make use

of the phase information to regulate distance.
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Figure 2.5 Schematic of a quartz tuning fork configured for shear-force detection, and the
arrangement of the tuning fork electrical contacts. The tuning fork / NSOM probe are mechanically
oscillated at resonance by an external dither piezoceramic. On close approach of a sample, shear-
forces damp the oscillation, the magnitude of which is measured from the piezoelectric current of the

tuning fork.

Shear-force feedback is widely used in NSOM; however the actual origin of the
shear-force interaction remains an uncertainty. Viscous drag, van der Waals
interactions, electrostatic and capillary forces were originally thought responsible®.
Research has been conducted into the precise nature of the shear-force interaction,
and from the very many approach experiments and combined shear-force and STM
experiments, two proposed models have evolved. The first model applies strongly
when NSOM is being performed under ambient conditions, a condensed fluid layer is
assumed present over the sample surface and the shear-force interaction is dominated
by viscous forces*®*’. The degree and range of this interaction depend strongly on the
humidity and how hydrophilic the sample*®. When the probe is closer to the sample
surface, and for large oscillation amplitudes, a second model applies. Known as the

knocking model, the probe is in intermittent contact with the sample surface,
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undergoing nonlinear bending, resulting in a drop in oscillation amplitude and an
asymmetric resonance curve on approaching the sample. The degree of damping also
depends on the tilt angle of the probe with respect to the sample, if the probe were
exactly perpendicular to the surface; damping from the knocking mechanism would
be minimal***. The overall shear-force interaction experienced by the NSOM probe
is a combination of both mechanisms, the degree to which depend on the ambient

conditions and tilt angle of the probe.

2.7 NSOM modes of operation

The super-resolution of the near-field imaging technique is achieved using a sequence
of optical conversions between propagating and evanescent, non-propagating modes,
as discussed earlier within this chapter. The direct proportionality of the field
intensity during conversion processes allows the NSOM to be applied in a number of
configurations, suited to different applications. This discussion concerns the primary
operational configurations of the aperture-NSOM, as utilised for this study, which are

schematically represented in Figure 2.6.

Figure 2.6(a) transmission-collection mode, shows the sample being illuminated from
beneath and the transmitted light collected using the NSOM fibre probe. (b)
[llumination-transmission uses the NSOM probe to locally illuminate the sample and
collects the transmitted light using the transmission objective lens. (c) Illumination-
reflection again uses the NSOM probe to locally illuminate the sample, but instead
collects the reflected light using the reflection objective lens. Photocurrent NSOM
(discussed in detail later) similarly uses the NSOM probe to locally illuminate a
sample then detect the photocurrent response using external amplification. (d)
Collection mode imaging of a self-radiating sample uses the NSOM probe to locally
collect the light emanating from a sample, as used extensively in chapters 8 and 9 in
the analysis of quantum well laser structures. (e) External illumination-collection
uses the NSOM probe to locally detect reflected light from an external illumination
source. Finally (f) Illumination-collection uses a beam splitter to optically pump the
probe aperture with an illumination source, and simultaneously collect the light

reflected from the sample.
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Figure 2.6 Schematic representations of the operational modes of the aperture-NSOM. (a)
Transmission-collection, (b) Illumination-transmission, (¢) Illumination-reflection, (d) Collection
mode (self-radiating sample), (e) Collection (external illumination), and (f) Illumination-collection.

2.8 Summary

The advent of NSOM marked a major advancement in the field of microscopy and
optical microscopy in particular. Sub-wavelength resolution optical imaging has an
historical development of almost a century, but was only physically implemented
upon the advent of the STM and accompanying technologies necessary for the serial
scanning of a proximinal probe. These include piezoelectric position control, and
anti-vibration technology which is essential in maintaining a probe-sample separation
of nanometer order, and especially in preserving the integrity of the near-field
aperture. The theoretical foundations of NSOM have been discussed, focussing on
the nature of the near-field, the properties exploited by the near-field microscope, and
the origins of its sub-wavelength resolution. The design and preparation of the
fundamental element of the aperture-NSOM is discussed, the probe and

corresponding sub-wavelength diameter aperture which determines the resolution of

21



2. Theory: Near-field optics and scanning microscopy

the instrument and overall quality of the images obtained. Finally the implementation
of shear-force microscopy has also been addressed due the importance of the
simultaneously acquired topographic imaging mechanism, which is a major strength
of NSOM imaging and discussed throughout the results sections presented in this

thesis.

2.9 References

'E. Abbe, Archiv. Mikros. Anat. 9, 413 (1873)

2 L. Reimer, Scanning electron microscopy, (Springer, Berlin, 1985)

3 E.H. Synge, Phil. Mag. 6, 356 (1928)

* E.H. Synge, Phil. Mag. 13, 297 (1932)

> D. McMullen, Proceedings RMS 25, 127 (1990)

% H.A. Bethe, Phys. Rev. 66 (7,8), 163 (1944)

7 C.J. Bouwkamp, Philips Res. Rep. 5, 321 (1950)

¥ C.J. Bouwkamp, Philips Res. Rep. 66, 163 (1950)

° C.J. Bouwkamp, Rep, Prog. Phys. 17, 35 (1954)

'OR.J. Moon, Science 112, 389 (1950)

'"''F. Roberts, J.Z. Young, Instr. Electr. Engrs. 1348, 382 (1952)

"2 H.H. Patee, J. Opt. Soc. Am. 43, 69 (1953)

13 J.A. O’Keefe, J. Opt. Soc. Am. 46, 359 (1956)

'* A.V.J. Baez, J. Opt. Soc. Am. 46, 901 (1956)

'SE.A. Ash, G. Nicholls, Nature, 237, 510 (1972)

'S G. Binnig, H. Rohrer, Helv. Phys. Actua, 55, 726 (1982)

"7 G. Binnig, H. Rohrer, C. Gerber, E. Weibel, Phys. Rev. Lett. 49, 57 (1982)
'8 D.W. Pohl, W. Denk, M. Lanz, Appl. Phys. Lett. 44 (7), 651 (1984)

' U. Durig, D.W. Pohl, F. Rohner, J. Appl. Phys. 59 (10), 3318 (1986)

20 A Lewis, M. Isaacson, A. Murray, A. Harootunian, Biophys. J. 41, 405a (1983)
g, Betzig, A. Lewis, A. Harootunian, M. Isaacson, E. Kratschmer, Biophys. J. 49,
269 (1986)

22D. Courjon, C. Bainier, Rep. Prog. Phys. 57, 989 (1994)

2 ML.A. Paesler, P.J. Moyer, Near-field optics, (Wiley int., Third Ed., 1996)
24 E. Wolf, M. Nieto-Vesperinas, J. Opt. Soc. Am. 2, 886 (1985)

25 M. Born, E. Wolf, Principles of Optics, (2" Ed., Pergamon Press, 1964)

22



2. Theory: Near-field optics and scanning microscopy

26 J M. Vigoureux, D. Courjon, Appl. Opt., 31,3170 (1992)

27, Novotny, D.W. Pohl, P. Regli, Ultramicroscopy, 57, 180 (1995)

B, Novotny, D.W. Pohl, B. Hecht, Ultramicroscopy, 61, 1 (1995)

 E. Betzig, J.K. Trautman, T.D. Harris, J.S. Weiner, R.L. Kostelak, Science 251,
1468 (1991)

3% E. Betzig, J.K. Trautman, Science, 257, 189 (1992)

3! G.A. Valaskovic, M. Holton, G.H. Morrison, Appl. Opt. 34, 1215 (1995)

32 R.C. Dunn, Chem. Rev. 99, 2891 (1999)

33 Ch. Lienau, A. Richter, T. Elsaesser, Appl. Phys. Lett. 69 (3), 325 (1996)

** M. Specht, J.D. Pedarnig, W.M. Heckl, T.W. Hansch, Phys. Rev. Lett. 68, 467
(1992)

> R. Kopelman, W. Tan, Appl. Spec. Rev. 29, 39 (1994)

¢ S, Heisig, O. Rudow, E. Oesterschulze, Appl. Phys. Lett. 77, 1071 (2000)

3F, Zenhausern, Y. Martin, H.K. Wichramasinghe, Science, 269, 1083 (1995)

3% G. Binnig, C.F. Quate, Ch. Gerber, Phys. Rev. Lett. 56 (9), 930 (1986)

¥ D. Sarid, Scanning force microscopy, (Oxford University, New York 1991)

“R. Toledo-Crow, P.C. Yang, Y. Chen, M. Vaez-Iravani, Appl. Phys. Lett. 60 (24),
2957 (1992)

1 E. Betzig, P.L. Finn, J.S. Weiner, Appl. Phys. Lett. 60 (20), 2484 (1992)

2 R.D. Grober, T.D. Harris, J.K. Trautman, E. Betzig, Rev. Sci. Instrum. 65, 626
(1994)

3 K. Karrai, R.D. Grober, Appl. Phys. Lett. 66 (14), 1842 (1995)

* W.H.J. Rensen, Tuning fork tunes, (2002)

5 J.W.P. Hsu, Mat. Sci. and Eng. 33 (2001)

* F F. Froehlich, T.D. Milster, Appl. Phys. Lett. 70 (12), 1500 (1997)

47 J.U. Schmidt, H. Bergander, L.M. Eng, J. Appl. Phys. 87 (6), 3108 (2000)

8 T. Okajima, S. Hirotsu, Appl. Phys. Lett. 71 (4), 545 (1997)

9 M.J.Gregor, P.G. Blome, J. Schofer, R.G. Ulbrich, Appl. Phys. Lett. 68 (3), 307
(1996)

O K. Hsu, L.A. Gheber, Rev. Sci. Instrum. 70 (9), 3609 (1999)

23



3. Theory: Metal-semiconductor contacts

Chapter 3

Theory: Metal-semiconductor contacts

The contacts formed between metals and semiconductors can be characterised into
two distinct classifications based on their electrical properties, i.e. their current-
voltage characteristics. Contacts with linear current-voltage characteristics are called
ohmic contacts and ideally possess very low contact resistance, they are necessary in
forming electrical connections with semiconductor devices. Contacts displaying
rectifying properties are known as Schottky contacts as a consequence of the Schottky
barrier formed at the metal-semiconductor interface, and are critical in forming
voltage dependent devices such as diodes and transistors. Both types of contacts are
discussed within this chapter but emphasis is placed upon Schottky contacts as they
can be studied by near-field photocurrent mechanisms (see chapter 5) and their

investigation forms one of the major results chapters of this thesis (see chapter 7).

3.1 Schottky barrier formation

Consider the situation in Figure 3.1 where a metal of work function ¢y, and an n-type
semiconductor of work function ¢, such that ¢, > ¢, are electrically neutral and
separated in space prior to contact formation. The Fermi levels of the metal and
semiconductor are denoted Er™ and Ef° respectively, and in the case of the
semiconductor is dependant upon the doping. The work function is the separation in

energy (in electron-volts, eV) between the Fermi level and the vacuum level.

Vacuum level

.

Metal n-type
semiconductor

Figure 3.1 Energy-band diagram of a metal and semiconductor separated in
space, prior to contact formation, with the vacuum levels aligned.
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Within the semiconductor the electron affinity, denoted y (eV), is the minimum
energy required to release an electron from the semiconductor, such that ¢ = s + &

where & is the position of the Fermi level Ef’ relative to the conduction band edge.

When combining a metal and semiconductor to form a contact, that contact may be
described as Schottky in characteristic if a barrier exists to electron flow across the
junction between the two materials. To understand this formation many theories have
been developed to explain the existence and degree of barrier between the
semiconductor and metal. Described here are two of the main models that have been
successful in understanding the physics of these interfaces. For more detailed and

extensive theories please refer to Rhoderick and Williams .

3.1.1 Schottky-Mott theory

The Schottky?-Mott theory of barrier formation assumes the flat-band condition for
the n-type semiconductor implying that no field exists within the semiconductor.
Physically this implies that the semiconductor terminates at the surface without
distortion of the electronic energy levels and hence no electronic states exist at the
surface’. In the formation of a contact the metal and semiconductor, isolated in
Figure 3.1, are brought together and electrons pass from the semiconductor into the
metal forcing the two Fermi levels into equilibrium, i.e. EF™ = EF", as shown in Figure
3.2(a). This accumulates a negative charge at the surface of the metal which is
balanced by a net positive charge at the semiconductor surface establishing a dipole

field that opposes further electron flow at equilibrium.

The negative charge at the surface of the metal consists of extra conduction electrons
that are contained within the Thomas-Fermi screening distance (~0.5A) of the
interface, labelled as the electron accumulation region in Figure 3.2(b)"*. The
semiconductor is n-type and the positive charge near its surface is due to positive
donor ions that are uncompensated by the reduction in conduction electrons within the
semiconductor at the interface. The donor ion concentration in the semiconductor is
many orders of magnitude less than the electron concentration of the metal, therefore

the uncompensated donor ions occupy a depleted layer of substantial thickness, w,
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similarly as the depletion layers seen in pn-junction formation, as shown in Figure

3.2(b).

(@ (b)
Charge/volume
Va * n-type depletion
b £ < region
EF \\ -------------------- é ----- > x
w
D Electron —
2
// accumulation region
g
\ __
Metal n-type Metal n-type
semiconductor

semiconductor

Figure 3.2 (a) An ideal Schottky contact, and (b) the charge distribution about a metal-
semiconductor Schottky junction.

The depletion within the semiconductor and alignment of the Fermi levels leads to a
parabolic band-bending of the semiconductor energy-bands at the interface and the
establishment of a barrier @, as shown in Figure 3.2(a), of height measured relative to
the Fermi level:

P = Pm - Xs (3.1)
this is known as the Schottky-Mott limit. The barrier, ¢, must be overcome by
electrons from within the metal in order to penetrate the semiconductor by acquiring
& eV of energy. Electrons within the conduction band of the semiconductor face a
barrier of V4 known as the diffusion potential to overcome in order to penetrate the
metal, however this barrier is bias dependant whereas ¢, is not, which leads to the

rectifying characteristics of Schottky junctions.

The ideal situation described by Schottky and Mott is never realised in practice
usually due to the presence of a thin insulating layer of oxide (~10-20A thick) on the
surface of the semiconductor, typically the interfacial oxide layer is so thin as to be
transparent to electron flow''. Experimentally it is found that ¢ is a much less
sensitive function of ¢, than implied by equation (3.1), and often completely

independent of ¢, suggesting serious flaws in the Schottky-Mott theory, which
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assumed constancy of the surface dipole layer, no localized states on the

semiconductor surface, and perfect contact between the metal and semiconductor.

3.1.2 Surface/interface states and the Bardeen model

Bardeen later suggested that the discrepancy may be due to the presence of surface
states localised at the metal-semiconductor interface’. Surface states are a
consequence of the interruption of the periodicity of the semiconductor crystal lattice
and are present at the interface between the semiconductor surface and insulating
layer in a continuous distribution of states, as represented in schematic Figure 3.3.
The occupancy of surface states is dependant on their energy relative to the Fermi
level at the surface, and they are characterised by a neutral level ¢, which is the
energy level measured relative to the valence band, to which the surface states are
filled when the surface is neutral. In the absence of surface states the negative surface
charge of the metal was balanced by uncompensated donor ions in the depletion
region of the semiconductor, however with the incorporation of surface states the
overall charge neutrality condition must also be satisfied for charge accumulated at

the semiconductor surface.

-

Insulating film ~

\

SN Surface states

E,

Metal n-type semiconductor

Figure 3.3 Metal-semiconductor contact with a thin insulating film at
the interface and surface (or interface) states.

If the surface state neutral level ¢ is above the Fermi level then the surface is
positively charged requiring a reduction in the positive charge contained within the

depletion region, therefore the width of the depletion region is reduced, decreasing the
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amount of band-bending and consequently the barrier height @,. The lowering of ¢,
has the knock-on effect of pushing the surface state neutral level ¢ towards the Fermi
level thus reducing the positive charge within the surface states. Conversely if ¢ is
below the Fermi level the surface is negatively charged requiring compensation by an
increase in the positive charge contained within the depletion region and thus
increasing the depletion width, the degree of band-bending, and barrier height ¢,
therefore pulling ¢ towards the Fermi level. For a large number of surface states the
Fermi level at the surface of the semiconductor will be at ¢ resulting in the presence

of band-bending and a space charge layer even in the absence of a metal contact.

Band-bending according to the Schottky-Mott model was entirely due to the
difference between ¢ and ¢, however in the presence of an interfacial layer and large
density of surface states the potential difference ¢y-¢ will act entirely across the
interfacial layer as the charge in the surface states will facilitate the necessary
potential difference. Therefore during metal-semiconductor contact formation there is
no change to the charge density within the depletion region of the semiconductor, thus
the barrier height ¢, is independent of metal work function ¢, and the metal and
semiconductor Fermi levels are constant across the interface, in which case the barrier
height is given by,

b= Eg - th 3.2)
This is known as the Bardeen limit, where the barrier height is independent of ¢, and

is said to be “pinned” or “stabilised” by the high density of surface states.

However this scenario is also rarely realised in practice and actual metal-
semiconductor junctions have a barrier height ¢, somewhere between the Schottky-
Mott limit, equation (3.1), and Bardeen limit, equation (3.2). This was expressed by
Cowely and Sze'® for the flat band condition (no electric field inside the
semiconductor) as shown in Figure 3.3, where the interfacial layer has thickness 9,

permittivity g;, and the surface state density is N, as

& = Y(Pn - xs) + (1 - V)(Eg - ¢h) 3.3)
where the dimensionless parameter y is given by
Y =8/ (€ + qNssd) (3.4
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The parameter y varies between 1 and 0, and is dominated by the density of surface
states N, for a low surface state density y =1 and equation (3.3) reduces to the
Schottky-Mott limit, whereas for a high density of surface states y « 1 and equation
(3.3) tends to the Bardeen limit. This is known as the linear interface potential theory
and has previously been utilised extensively and proved very useful, it is however
based on a highly simplified distribution of surface states, applicable only for certain
materials. Real metal-semiconductor systems follow the discussed theorems in a
general manner, but are influenced by many different surface and interface
mechanisms according to the materials and contact preparation technique, and thus

deviate from the theoretical descriptions.

3.1.3 Real surfaces and interfaces

The growth mode and formation of metal-semiconductor contacts is a highly complex
process and very difficult to encompass in a general model for all material systems,
for example the deposition of the metal can perturb intrinsic electron states present on
the semiconductor surface by changing the matching conditions, replacing them with
metal-induced gap states MIGS’. The tails of conduction electron wavefunctions
within the metal tunnel into the band-gap of the semiconductor at the interface,
resulting in extra states within the band-gap around Er. The extra states penetrate a
few atomic layers into the semiconductor depending on the magnitude of the band-
gap, the larger the band-gap the smaller the penetration depth. The occupation and
penetration levels of the MIGS has direct implications on the position of the Fermi

level, degree of band-bending, and consequently the barrier height ¢,.

During metal deposition, the impact process of the metal atom may occur in several
ways involving the atom remaining upon the surface or diffusing across the boundary
into the semiconductor producing an interface that is not atomically abrupt or ordered.
Interdiffused metal atoms can occupy substitutional or interstitial sites within the
semiconductor, doping the surface region and disrupting the previously assumed
uniform doping profile. This can result in a very thin barrier profile which conduction
electrons may tunnel through thus destroying the rectifying properties of the junction’.
Similarly it is also possible for constituent atoms of the semiconductor to diffuse into

the metal contact generating a point defect in the semiconductor or leaving an
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accumulation of a remaining constituent.  Additionally imperfections of the
semiconductor surface such as vacancies or steps may lead to extra localised states
energetically located within the band-gap. The departure of a surface from chemical
stoichiometry can lead to the formation of electrically active sites and Fermi level

pinning at the interface, thus greatly influencing the mechanism of barrier formation.

The interface of a metal-semiconductor contact is clearly a very complex region
where the precise mechanism of barrier formation can vary over the area of the
junction. The macroscopic resultant characteristics of Schottky junctions are easily
probed and well known, however the precise mechanisms forming the barrier
fluctuate over the interface on an atomic scale, causing localised pinning of the Fermi
level and thus localised variations of the Schottky barrier height. In order to further
understand the overall process of barrier formation, and the importance of the various
localised mechanisms, it is therefore essential to probe the interface characteristics at

the highest possible resolution.

3.2 Ohmic contacts

If all metal-semiconductor junctions formed Schottky barriers then semiconductor
devices would be rendered useless as it would be impossible to interconnect devices
with metallic conductors. This however is facilitated by junctions that obey Ohm’s
law which allow current to conduct in either direction, known as ohmic contacts.
Ohmic contacts are formed between a metal and n-type semiconductor when their
corresponding work functions are such that ¢, < @ (for Schottky contacts on n-type
semiconductors ¢, > @) producing a very small potential barrier for electron flow
from the metal to the semiconductor which is easily overcome by an applied bias, and
presenting no barrier for conduction from the semiconductor to the metal. An ohmic
characteristic can result when a metal is deposited on a highly doped semiconductor
such that the depletion region is very narrow, resulting in a very thin potential barrier
through which electrons can tunnel when bias is applied in either direction. This can
be achieved by depositing a metal on a semiconductor with normal doping levels, as
in the deposition of a Schottky contact, and subsequently alloying the contact by
heating it to an elevated temperature for a certain duration in a process called

annealing. The heating of the junction causes the metal and semiconductor to form a
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eutectic liquid where dopants can rapidly diffuse, on cooling a thin layer of very
highly doped semiconductor re-grows below the metal-film, creating the desired

highly doped metal-semiconductor junction.

3.3 Current transport: Thermionic emission
Current transport across a forward biased Schottky diode is dominated by thermionic
emission® where the majority carriers with kinetic energies greater than Vg - V are

emitted from the semiconductor into the metal, as represented in Figure 3.4.

EFm % .....

Metal n-type semiconductor

Figure 3.4 A Schottky junction under an applied forward bias of V. Electrons
with a kinetic energy in excess of V4 - V are emitted over the reduced diffusion
barrier and a forward bias current flows.

For an n-type semiconductor junction under forward bias, assuming g¢@ » kg7,
according to thermionic emission theory the current is comprised of electrons emitted
over the top of the barrier into the metal; the drift and diffusion that occur due to
collisions in the depletion region are assumed negligible’. The emitted electrons are
in equilibrium with the electron population in the semiconductor and are thus
distributed in energy according to Maxwell’s distribution. The current density / for an

applied bias ¥ is then’

I=A*T* exp(-q@, / kaT )| exp(gV / ksT)—1] (3.5)
Where the parameter 4*, known as Richardson’s constant is given by
A* = dmgmFkg® | b (3.6)

The effective mass of the majority carriers (electrons) is denoted me*, kg and & are
Boltzmann’s and Planck’s constants respectively. For m.* = my the free electron

mass, Richardson’s constant A* = 120 A/cm’K?, however the actual value of A4*
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varies according to m¢*, the majority carrier effective mass, which depends on the
band structure of the semiconductor, therefore actual values of A* are determined
experimentally for different materials. Equation (3.5) describes the I-V characteristics
frequently observed for Schottky diodes, it is however derived upon the assumption
that the barrier height ¢, is independent of the applied bias. The actual situation is
more complex than assumed in the simple models, and as a result of image-force
lowering and an interfacial layer, the applied Schottky barrier energy @' depends
upon the electric field within the semiconductor which is induced by the applied bias.
The dependence of ¢,**""** on ¥ is represented in a Taylor series’, shown in equation
(3.7) retaining terms linear in V'

AP = 4 1 gy G.7)
here ¢, is the previously used barrier energy for zero applied bias, and 8 is a constant.

Substituting equation (3.7) into equation (3.5) generates

I=A4* T exp(-qdy / ksT) exp(qV / nksT) (3.8)
This can be expressed in the form

I=1yexp(qV/ nkgT) 3.9
Where [ is the saturation current, given by

Io=A* T* exp(-q¢, / ksT) (3.10)

n=(1-8)" 3.11)

n is a parameter called the ideality factor of the Schottky junction, as when the I-V
characteristic of a junction is that of an ideal Schottky diode, a value of n = 1.0 is
evaluated. For deviations from the ideal behaviour of a Schottky junction, ideality
factor values of n > 1 are determined, with a greater departure from ideality being
reflected by a greater magnitude of ideality factor, typical values are within the range
1 <n <2. For example the Schottky barrier energy is typically inconsistent across the
entire area of the diode and this is contributes to induce an ideality factor greater than

unity.

3.4 Current transport: Field emission

Quantum-mechanical tunnelling across the metal-semiconductor interface is the
current transport mechanism which dominates the characteristics of an ohmic
junction. An ohmic contact is defined as a metal-semiconductor contact which is

characterised by a linear I-V relationship (over a useful range of V), is non-rectifying,
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and demands a negligible voltage drop compared to the potential across the contacted
device (i.e. posses a small resistance)’. Such an interface is engineered by
manipulation of the doping by various means, to increase the doping at the interface
and thus decrease the depletion width, narrowing the potential barrier to allow
quantum-mechanical tunnelling of electrons through the barrier. For high doping
levels the barrier is thin enough for field emission to dominate and electrons are
emitted directly from states at the Fermi level in the semiconductor to vacant states in
the metal. At moderately high doping concentrations the barrier is wider and
tunnelling is only feasible to electrons with sufficient thermal energy to tunnel near

the top of the barrier, in a process called thermionic-field emission'®'".

3.5 Measuring Schottky barrier heights

The Schottky barrier height @, or energy, can be experimentally determined by a
variety of techniques, each founded on certain assumptions and possessing its own
strengths and limits, which leads to variation in the determined value of ¢, dependent
on the measurement technique implemented. The photoresponse or photocurrent
method is one the most direct and commonly used techniques'?, based upon the
irradiation of the Schottky diode with monochromatic photons of sub band-gap
energy (hv < Eg)]3 . The photon energy is tuned across the barrier energy, exciting
electrons in the metal over the barrier, for Av =g, into the semiconductor where they
are detected as a photocurrent. The barrier energy ¢, is then evaluated from a plot of
the photocurrent yield versus the photon energy'?, this technique is discussed in detail
later. Another method is the Capacitance-Voltage, C-V, technique which measures
the flat-band barrier height of the Schottky junction, i.e. there is no image-force
lowering as no carriers are transported across the barrier during the capacitance

M3 The capacitance-voltage characteristic of the Schottky barrier is

measurement
plotted in the form C? versus V;, the reverse bias voltage, which produces a straight
line of gradient that is inversely proportional to the net doping and voltage intercept
which is used to evaluate the barrier height. The most commonly utilised method is
called the Current-Voltage, I-V, technique and uses the current-voltage characteristic
of a Schottky diode to determine ¢, by a variety of experimental processes'. This

technique was used to measure the Schottky barrier energy and ideality factor of
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samples used within this work immediately after the preparation process and is

described in detail.

3.6 I-V technique
The diode current density is measured as a function of the applied forward bias which
is performed at a fixed temperature and in the absence of light; ideally the
measurements are also performed within a Faraday cage enclosure to eliminate the
noise influences of external sources. The data is then fitted according to equation
(3.9) in the form of a log(/) versus ¥ plot as given by
In(0) = In(ly) + qV / nkgT (3.12)
An extrapolation of the straight line portion of the In(/) versus ¥ plot to V=0 produces
a current intercept that yields a value for I, the saturation current density.
Substitution for [y into equation (3.10) evaluates the Schottky barrier energy ¢, by
d=-(ksT/q). In(Ilo/ A* T*) (3.13)
Whilst the gradient of the extrapolated straight line is given by ¢q / nksT, which yields

a value for the ideality factor ».

Note, this method of @, determination is typically very successful when measuring
Schottky barriers with p-type semiconductors exhibiting + 0.5% accuracy, however
the process is more difficult in the case of n-type semiconductors and ¢, values are

generally evaluated with an accuracy of = 10.0%.

3.7 Silicon carbide

Silicon has been the primary material of the semiconductor industry for many years
due to its electrical properties, high availability and low cost. It has therefore been the
focus of intense research and silicon based systems are currently in a state of high
optimisation. However new materials are continually sought and researched in
electronics, especially for applications in which silicon based devices have never
fulfilled the desired specifications, such as in extreme conditions where silicon based

devices suffer catastrophic breakdown.

Several materials have been investigated for high power, high temperature, and high

radiation applications, including diamond, gallium nitride, and silicon carbide.
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Silicon carbide, SiC, is an extremely promising candidate to fulfil such requirements
and posses the advantage over its competitors that its native oxide is SiO; allowing
easy integration into existing silicon based fabrication methods. 4H-SiC is one of the
polytypes of SiC which possesses a high band-gap of 3.2eV ( c.f. Ey(Si) = 1.1eV ), the
highest electron mobility of the hexagonal polytypes of SiC at 1000 cm*V™'s™, a high
saturated electron drift velocity of 2x10° ms™( 1x10° ms™ for Si ), a high breakdown
electric field of 3x10® Vm™ ( 6x10” Vm™ for Si ), and high thermal conductivity of
4.9 WK 'em™ (1.5 WK 'em™ for Si)'®. However the success of SiC depends upon its
ability to form stable metal contacts of both Schottky and ohmic characteristics in
order to obtain reproducible devices. SiC Schottky diodes have previously shown
their potential to exceed the performance of slower Si-based p-i-n diodes currently
used in power electronics applications, for example SiC Schottky diodes can exhibit
rectification for very high voltages up to 4KV'’, and there are devices functioning up
to 600 °C'® SiC Schottky diodes also exhibit relatively low leakage currents and
forward bias resistance when compared to Si-based diodes. However, a device is only
as good as the properties of its substrate and SiC suffers from the fact that it is very
difficult to produce with a low density of defects, the best substrates typically
containing a density of micro-pipes'® of lem?, thus causing difficulties in the

production of good quality Schottky diodes.

3.8 Metal-silicon carbide contacts

The SiC substrate itself possesses the necessary properties for high temperature,
frequency, power, and radiation applications, however its successful implementation
in such scenarios is dependent on its ability to form reliable and high temperature
stable, non-reactive Schottky and ohmic contacts. The suitability of many metal-SiC
combinations has been explored with differing degrees of success, the following
examples are some of the more promising. When an elemental metal layer is
deposited on SiC at room temperature a Schottky contact is naturally formed?, in the
majority of cases, displaying a high barrier energy. Ohmic contacts are usually
formed by high temperature annealing a metal contact which is Schottky on
deposition, thus alloying the metal-SiC interface and destroying its rectifying
characteristics by altering the chemical stoichiometry of the junction. Ohmic contacts

previously investigated include WSi; and MoSi, ', and TiN which forms a stable
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ohmic contact that is non-reactive up to 1100°C 2. However the most common ohmic
contact is a single Ni layer or a Ni-based contact preferred for its simple preparation®.
The suitability of Ni has also been investigated for Schottky contact formation and
demonstrated rectification up to 600°C '8, The metals investigated for SiC Schottky
contacts include Pt and Cu which are rectifying up to 500°C *, W and W-based
contacts which have displayed rectification up to very high temperatures of 800°C %,

as has Mo which remained Schottky up to 900°C%.

Nickel has previously been implemented successfully and extensively in Si-based
devices as its contacts posses a very low contact resistivity and their electrical
properties are controlled during the relatively easy preparation procedures. Therefore
its interaction with SiC has received considerable research interest in the pursuit of
reliable and stable rectifying and ohmic contacts, with particular focus on the Ni-SiC
ohmic junction. When deposited at room temperature upon n-type SiC, Ni naturally
forms a Schottky contact which will remain rectifying up to 600°C '®.  An ohmic
junction is formed by the solid phase reactions that occur during annealing the contact
at 900-1000°C for 10mins?®, which produces an ohmic contact with very low specific
contact resistivity of 3x10°Qcm?, as determined by the transmission line method®.
Investigations into the physical and chemical changes that occur at the junction have
revealed a high Si content in the contact layer with microprobe measurements carried
out in a transmission electron microscope, TEM, identifying the Ni,Si phase’’, which
is not detected for Schottky samples annealed up to 600°C. The reaction of the Si
leaves carbon which has been detected by Auger depth profiling in the contact region.
TEM analysis has also revealed that after annealing there is a large number of voids
formed within the contact layer, it has also been discovered that some of the excess C
is accumulated over the internal surface of these voids?. The presence of such voids
does not promise long term stability of Ni-SiC ohmic contacts. However Ni-SiC
ohmic contacts do display excellent electrical characteristics, thus efforts have been
made to eliminate the formation of voids by the introduction of a silicon interlayer
designed to provide Si in the contact layer for the formation of Ni,Si. This method
has proved successful in eliminating void formation and retaining the electronic

characteristics of the junction.
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3.9 Summary

Within this chapter the physics of metal-semiconductor (n-type) contact formation are
discussed beginning with the basic theories of Schottky, Mott, and Bardeen originally
set out to characterise such contacts. However metal-semiconductor contacts are
highly complex regions and very difficult to encompass in a single theory, therefore
the different processes occurring in real metal-semiconductor contacts have also been
discussed. The transportation mechanisms allowing electronic conduction are
addressed including thermionic emission which applies to Schottky junctions and is
implemented in the I-V technique of measuring barrier heights, utilised throughout the
course of this work. Finally the development of silicon carbide electronic devices for
implementation in extreme conditions is discussed, reviewing previous investigations
reveals a depth of knowledge of Ni-SiC ohmic contacts but uncertainty in the origins
of the electrical properties of Ni-SiC Schottky contacts. The electrical properties of a
junction are a consequence of the reactions that occur at the interface during
deposition; therefore it is imperative to understand the physical and chemical
processes of the interface in as much detail as possible. This investigation aims to
gain a further understanding of the Ni-SiC Schottky contact by analysing the
nanostructure of the interface using near-field photocurrent imaging to reveal the

nature of variations in the Schottky interface.
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Chapter 4

Theory: pn-junctions and laser diodes

4.1 pn- junction formation

A pn-junction forms one of the essential components of optical semiconductor
devices, and the properties of the junction dominate the device characteristics. For
example, radiative recombination in laser diodes and LED’s is dependant on carrier
injection through a pn-junction into the conduction and valence bands of the active
region. The light sensitivity of photodiodes is dependant on the properties of a pn-
junction, electron-hole pairs produced by illumination are separated in opposite
directions at the pn-junction and the resultant photocurrent is utilised as an electrical

output.

A pn-junction is formed when a p-type semiconductor is grown in contact with an »-
type semiconductor. This can be a junction between two different materials and is
known as a heterojunction (as shown in the following example), or between materials
of the same type, known as a homojunction. The contact can be produced by impurity
diffusion from the sample surface after crystal growth, or by impurity doping during
crystal growth.

Figure 4.1 displays the energy band diagrams of a p-type semiconductor and an s-type
semiconductor, of different material, in isolation from each other. The upper edge of

the valence bands and the lower edge of the conduction bands are labelled £, and E..

vacuum level

A A A A
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E,—Y " !
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p-type n-type

Figure 4.1 Energy band diagram of isolated p and n—type semiconductors,
showing the Fermi levels, Er, electron affinities x, work functions ¢, and band-
gap energies £, of both p and n-type materials.
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The band gap energy of the p and n-type semiconductors are denoted Eg, and Eg,
respectively, as similarly are the Fermi levels Ef, and Er,. The work functions are
labelled ¢, and @,, and represent the energil required to remove an electron from the
Fermi level to the vacuum level. These work function energies are dictated by
conduction type and carrier concentration of the semiconductor. The electron
affinities are denoted by X, and x,, and represent the energy required to remove an

electron from the conduction band edge to the vacuum level.

When a p and » -type semiconductor are formed in intimate contact with each other
there is unequal doping across the interface that results in a diffusion current flowing.
Electrons from the n-type material diffuse into the p-type material and vice versa due
to the differing carrier concentrations. The diffusion of charge carriers about the
semiconductor interface leaves static donor and acceptor ions bound within the crystal
lattice in equal proportions to the diffused charge carriers. The dopant ions remain as
space charge bound either side of the pn-boundary by electrostatic attraction as shown
in Figure 4.2(a), resulting in an electric field across the junction, in a layer called the
depletion or space charge region. The electric field is a maximum at the pn-boundary

and goes to zero at the edges of the depletion region, as displayed in Figure 4.2(b).

(a) (b)
Cm” €
A
p " » A n
qNp
X, X, X,
- > x
X, > x .
gNa

Figure 4.2 (a) Charge distribution within the depletion layer of a pn-junction. Np and N, are
the donor and acceptor ion concentrations respectively, x, and x, are the depletion widths in
the p and n —type materials. (b) Displays the electric field, €, across the prn-junction, exhibiting
the maximum field strength €,,,, at the pn-interface.

The carrier diffusion ultimately results in band bending of the fully formed junction,

as seen in Figure 4.3, showing upward band bending in the positively charged (n-

40



4. Theory: pn-junctions and laser diodes

type) region and downward band bending in the negatively charged (p-type) region,
causing a potential difference between the two sides called the built in potential, V3.
This built in potential forms a barrier that ultimately prevents further diffusion of
charge carriers and a dynamic equilibrium condition is established. In the formation
of a pn-heterojunction between two semiconductors with a large difference in band
gap energy, E,, there are additional barriers formed within the band bending region

known as spikes and notches', as represented in the conduction band of Figure 4.3.

A

qVs
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.................................. EF
Eg,
h 4 E,
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Figure 4.3 Equilibrium energy band diagram of a pn-junction (heterojunction). The
built-in potential of the junction, or energy band discontinuity is labelled qV5p.

4.2 Built in potential, V3

The built in potential comes from the difference in the intrinsic Fermi energies of the
n and p semiconductors, that are Er, = - q¢,; and Eg, = - q¢, respectively, these are

the local potentials. The total barrier potential, or built in potential, is given by*:

Ve=¢n- & 4.1)
The equilibrium equations for the majority carrier densities are:

n, =n;exp[q(¢.- ¢/ ksT] 4.2)

Pp =niexp[ q(p- ¢) / kT ] “4.3)

Where n, is the electron number density in the n-type side, p, is the hole number
density in the p-type side, n; is the intrinsic carrier number density, and ¢ is the Fermi

potential. Multiplying these together:
nn pp = ni'expl q(¢n - $) /ksT | (4.4)
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The Fermi level is constant across the interface in equilibrium, and so is constant in
equations (4.2) and (4.3). Thus substituting equation (4.1) into (4.4) for the built in
potential, V3, gives:
Va= "”—Tln[ ”"’f"j @5)
q ni

Away from the pn-junction region the majority carrier densities take their bulk

equilibrium values of N4 and Np, the acceptor and donor dopant densities

respectively:

Va= 2 In (4.6)

q

Equation (4.6) is the value for the built in potential, V3, in volts, which acts over the

ksT (NAND)

ni’

depletion width and gives the magnitude of the equilibrium barrier height of the pn-

junction.

4.3 Carrier transportation in pn-junction diodes

The built in potential barrier of a pn-junction gives it the characteristics of a diode
rectifier. When the junction is forward biased by an applied potential V4, the p-type
material is biased positively, as seen in Figure 4.4(a). The applied potential reduces
the built in potential barrier, V3, to ¥z — V4 and the majority carriers conduct along the
concentration gradients across the junction forming a current. Carriers leave the side
in which they are the majority species and are injected across the depletion region into
a material where they are minority carriers in a process called minority carrier
injection. The applied potential acts almost completely across the junction, which is
defined by the depletion region. This leaves only very small electric fields in the bulk

material to drive drift current.

At either side of the depletion region the injected carriers, which are now in the
minority, form a diffusion current. They diffuse away from the pn-junction and
recombine with majority carriers causing the diffusion current to decay. The decay of
the diffusion current must be countered by an increase in the drift current, as by
Kirchoff’s current law, the current into one end of the diode must also flow out of the
other. In order for a drift current to flow, an electric field is necessary to drive
carriers away from the depletion region to the contacts, i.e. some of the applied bias

acts over the bulk areas of the diode, and not completely over the depletion region, the
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magnitude of the drift current is dependant on the number and mobility of charge

carriers as well as the electric field.

(a) (b)
electrons electrons
Til" "
EF. fqV;
Ev~
holes
holes

Figure 4.4 Band structure of a pn junction under (a) forward bias, and (b) reverse
bias. The red and blue arrows denote conduction of electrons and holes respectively.

Under reverse bias it is the /7-type side that is biased positively, increasing the
potential barrier to VB + VA, shown in Figure 4.4(b). Minority carrier injection, as
seen under forward bias, does not occur and a reverse or leakage current flows.
Minority carriers within the depletion layer undergo the energetically favourable
journey across the junction into a region where they have lower energy and are
majority carriers; again a small part of the applied reverse bias drives a drift current to
the device contacts. The edges of the depletion regions see a great reduction in
minority carrier density which results in a diffusion of minority carriers towards the
junction, thus supporting the reverse or leakage current. The I-V characteristics of a
/T«-junction are given by the equation":

S f w0\
exp A4 -1
v TT / )

For reverse applied bias, i.e. VA is negative, the exponential term becomes small and
the current tends to / ~Jo amps, where /o is the reverse leakage saturation current, and

is constant for reverse applied potentials.
4.4 Depletion region

The depletion region was described previously as the layer of space charges i.e.

dopant ions that remain fixed in the crystal lattice either side of the pn-interface after
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the mobile charge carriers have diffused across the junction. The depletion zone
essentially has no mobile charge carriers and a total charge distribution equivalent to
that of the ionized dopants within, this is known as the depletion approximation. In
reality majority carriers penetrate into the depletion region edges but are prevented
from travelling further by the band bending of the built in potential barrier, and so
neutralize the space charge at the edge of the depleted layer. The width of the
depletion region is very important in determining the size of the pn-junction and the
degree of band bending, which are important parameters when interpreting
photocurrent images.  The charge distribution, according to the depletion
approximation, is illustrated in Figure 4.2(a), the pn-boundary is at x = 0 metres and
the depletion region extends x, metres into the p-type material and has a charge
concentration of -gN, Cm™. Similarly, the depletion region extends x, metres into the
n-type material and has a charge concentration of gNp Cm™. The determination of the
extent of the depletion region requires the solution of Poisson’s equation (4.8) for the

potential, ¥, in each region of the device separately’.

4 _-p()
=" (4.8)

Where ¢ is the permittivity. Using the charge density, p(x) = gN, where N is the

dopant concentration of the region, Poisson’s equation can be expressed for the p and

n —type regions as:

d’V gN,
-type: =—= 4.9
D-typ PR 4.9)
d*Vv —gN,
n-t e: = 4.10
yp e - (4.10)
Integrating both equations (4.9) and (4.10) twice gives:
p-type: av = %x +C, (4.11)
dx £
=i cxic, 4.12)
2¢
n-type: ¥V _ZNp ., (4.13)
dx £
V=—q;VD X2 +Cx+C, 4.14)
£
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Where C;, C,, C; C4 are unknown constants of integration. Equations (4.11) and
(4.13) evaluate the electric field strength across the junction, as previously
represented graphically in Figure 4.2(b). The following five conditions are then
satisfied to solve equations (4.12) and (4.14) for the depletion widths x,, and x,,.

The formation of the junction involved charge transfer from its native areas, charge
was neither created nor destroyed. Therefore, the initially neutral diode must remain
neutral, thus for uniform doping on both sides:

q Naxp,=q Npx, 4.15)

The potential at the pn-boundary at x = 0 is continuous. Therefore, arbitrarily setting
the potential at x = 0 to 0 volts in equations (4.12) and (4.14) gives:
C;=C4=0 (4.16)

The electric field, —dV/dx, is continuous across the pn-boundary, as is the dielectric
constant. Applying electric field continuity at x = 0 to equations (4.11) and (4.13)
gives:

C =G 4.17)

The depletion approximation implies that the electric field decreases to 0 Vm'™' at —Xp

and x,, substituting for this condition into equations (4.11) and (4.13) derives:

C = q];[ Ax, (4.18)
c, =W 4.19)
&

Finally, the built in potential, V3, of the junction is equal to the potential difference

between the two edges of the depletion region:

Ve = V() — V(-x,) (4.20)
gN gN
V, = (_ 28’) x2+ cjxnj-( 2; x> — C,xp) (4.21)

Solving for the depletion widths in the p and n —type regions in terms of ¥V, expressed

earlier in equation (4.6), generates:
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YA
2
X, =( A 4.22)
qg N,N,+N,)
A
X, =(28VB N (4.23)
qg N,(N,+N,)

The equations show that the depletion width is dependant on the dopant
concentrations of both sides, and the barrier potential, which is shown in equation
(4.6) to be dependant on the dopant concentrations itself. The total width of the
depletion region is simply the sum of these two lengths. In the case of unequal
doping the majority of the depletion region occurs on the side of the junction with

lighter doping, this is evident from equation (4.15).

4.5 Laser diodes

A laser diode utilises the electrical and optical properties of a pn-junction under
forward bias operation, similar to a light emitting diode LED. However, an LED
emits incoherent light via a spontaneous emission process, whereas a laser diode
emits coherent radiation generated by stimulated emission, i.e. LASER: light
amplification by stimulated emission of radiation. In order for a device to operate in a
laser action a sufficiently high radiation density is required along with a population
inversion in charge carriers. Population inversion can be achieved under forward bias
in a simple pn-junction formed between two highly doped semiconductors. The
requirement is that the doping must be degenerate so that the Fermi level does not
reside within the band-gap, resulting in a very thin depletion region and a built-in
potential that exceeds the band-gap energy. Under a sufficiently high forward bias a
population inversion can be achieved within the depletion region resulting in a lasing
action when above a high threshold current. This principal is refined for efficiency in
the design of the heterostructure laser, which is a single crystal prn-junction formed
between dissimilar semiconductors with small lattice mismatch. For example p-
AlGaAs/GaAs/n-AlGaAs and p-InP/InGaAsP/n-InP  are commonly used
compositions, and structured as in Figure 4.5(a)'. When under forward bias, double
injection occurs, minority carriers are injected into the intrinsically doped active layer,
while majority carriers diffuse into the active layer restoring electrical neutrality,

Figure 4.5(b). For a population inversion to be established in the active region a very
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high injected carrier concentration is required as shown in Figure 4.5(c), this is

achieved by using a thin intrinsic layer, typically of the order of 100nm.

Population inversion (<) 4
x4 Carrier
density
p-type n-type -
(@) | cladding cladding
layer layer
d 4 @ A
Refractive
index
E; >
(b) op (e{ / N\
tica
AN hy field / \
—_ >
<~ p <> n
Intrinsic active layer Active layer

Figure 4.5 Basic heterostructure laser (a) structure, (b) band diagram,
(c) carrier density, (d) refractive index, and (e) Optical field.

In order for stimulated emission to be sustained efficiently the radiated photons must
also be confined within the active layer in a high concentration. This is done at either
end of the device by two parallel mirror facets, usually (110) cleaved surfaces,
oriented perpendicular to the active layer and these form a Fabry-Perot optical cavity.
Lateral confinement of photons to the active layer is maintained by total internal
reflection as in optical fibres. The refractive index of a material is dependant upon its
composition, thus the active layer is chosen to have a higher refractive index than its
neighbouring cladding layers, Figure 4.5(d). The design of the heterostructure laser is
such that a population inversion is achieved very efficiently, and the radiated photons
are heavily confined to the active layer as shown in Figure 4.5(¢), thus establishing a
state of stimulated emission (lasing) for less input power, i.e. a lower threshold
current. This is a description of a basic heterostructure laser, there are many
variations of this simple recipe as will be discussed further, each designed for a
specific use, and each having its own strengths and drawbacks. However, almost
always the key developmental goals include the following: operation at increased
efficiency, i.e. lowering the threshold operating power, and increasing the operational

lifetime of the device.
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4.6 Quantum wells and laser diodes

The dominant feature of a laser diode is the active region which is typically a direct
band-gap semiconductor with intrinsic doping, the band-gap being narrower than that
of the adjacent cladding layers. If the thickness of this sandwiched layer is reduced,
the device characteristics deteriorate, i.e. the optical confinement is reduced resulting
in an increased threshold current. However, when the thickness of the central layer
approaches the de Broglie wavelength (4/m,, where A is Planck’s constant and m, is
electron or hole momentum) quantum effects become dominant. Carrier motion
perpendicular to the active layer is restricted and the kinetic energy is quantized into
discrete energy levels, carrier motion in the direction parallel to the well remains
unrestricted and the continuum states are formed. The thickness of such a layer is

typically less than 10nm and is called a quantum well.

The 2-dimensional confinement of a quantum well structure leads to a reduction in the
density of states in the active region in contrast to the continuum of states of the
conduction and valence bands of a bulk semiconductor. The density of states for a
quantum well near the band edges is changed from the regular parabolic form to a

step like function of discrete quantized energy states, as shown in Figure 4.6.
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Figure 4.6 The density of states of a quantum well structure are modified from
their bulk parabolic form to the step like form of quantized energy levels in the
direction perpendicular to the well. Parallel to the well there is no confinement
and the density of states retain their parabolic distribution.
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This has direct consequences for optical transitions that occur within the quantum
well, as they no longer take place between the valence and conduction bands of the
bulk, but between the quantised energy sub-bands, resulting in photons of shorter
wavelength. The transition mostly occurs between the lower energy conduction sub-
band E.; and the heavy-hole (HH) band E;j;, whose density of states is larger than the
light-hole (LH) band.

If the materials used in the well have a lattice mismatch of only a few percent then a
strained quantum well is formed having slightly different properties. Lattice
mismatch introduces a large number of misfit dislocations that generate interfacial
states and result in the degradation of device characteristics. However, if the lattice
mismatch is low and the well thickness is kept below a critical layer thickness then a
quantum well can be formed between materials having different lattice constants
without misfit dislocation formation. The compressive or tensile strain introduced by
the lattice mismatch between the well and the barriers is relaxed across the well by
elastic deformation of the well lattice material if kept thin enough, i.e. below the
critical layer thickness. The deformation of the well layer causes a variation of the
band-gap energy, the conduction and valence band edges are shifted and the light and
heavy —hole sub-bands of the valence band also translate in energy. Consequently,
the density of states and hole effective mass are lowered, thus lowering the threshold
current for light amplification. Lasing transitions thus occur between the sub-bands
of the conduction band and only one of the now separated valence sub-bands. The
stimulated emission energy of the device can therefore be controlled by varying the
strain of the quantum well, therefore wavelengths unattainable to lattice matched

systems can be achieved.

The optical modes of a laser diode are dependant on the valence sub-bands. The
heavy and light —hole bands are coupled to the lateral transverse TE and vertical
transverse TM-modes respectively. Laser diodes that posses bulk active layers or a
lattice matched quantum well emit a mixture of TE and TM-modes, whereas strained
quantum wells exhibit strong mode selection. Under compressive strain of the
quantum well the diode lazes predominantly in the TE-mode, under tensile strain the

TM-mode is predominantly selected'.
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4.7 Multi-quantum well super lattices

The properties of quantum well laser diodes may be further enhanced by
incorporating more than one quantum well, separated by wide band-gap barrier layers,
in multi-quantum well super lattice structures. The laser’s characteristics are
controlled by tuning the multi-quantum well structure, i.e. the dimensions and number
of wells and barriers. Multi-quantum well laser diodes also display excellent optical
confinement perpendicular to the active region, with laser emission restricted to the
active region effectively. This results in the optical gain for lasing being achieved at a

lower threshold current density.

4.8 Multi-quantum barrier reflectors

The theoretical concepts of multi-quantum well super lattices can also be employed in
the enhancement of electronic confinement to the active layer of quantum well laser
diodes. This is particularly applicable in the case of red-emitting AlGalnP quantum
well lasers that operate at the desirable 630nm wavelength, and are highly susceptible
to the thermally activated loss of electrons from the active region, thus limiting the

power output of the device.

The efficiency of electron confinement to the active region of a device is dependant
on the magnitude of the conduction band offsets, i.e. the potential barrier U between
the waveguide layer and p-type cladding, as shown in the schematic of Figure 4.7(a).
However the choice of materials available for use in these layers is limited by the
optical requirements of the laser system, i.e. by the refractive index requirements of
wave-guiding, therefore an alternative method of barrier enhancement is necessary. A
possible method of barrier enhancement is the multi-quantum barrier, MQB,
technique initially proposed by Iga et al’ in 1986, and is based on the incorporation of
a multi-quantum barrier/well super-lattice into the p-type cladding layer close to the
active region. A series of thin (<5nm) narrow band-gap quantum wells and large
band-gap barrier layers are used. If the widths of the barriers are sufficiently thin, the
confined states of the individual wells overlap to broaden into a series of allowed and
forbidden electron energy mini-bands. By tuning the periodicity of the super-lattice, a
band of forbidden energy states can be energetically aligned with the conduction band
minimum of the p-type cladding layer resulting in an increase in the potential barrier

from U to U+dU (eV), as shown in Figure 4.7(b). A multi-quantum barrier, MQB, is
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composed of such a super-lattice preceded by a thicker first barrier which inhibits the
tunnelling of low energy electrons through the structure that can destroy the delicate
mini-band effect. The composition of such MQB structures can be optimised
theoretically by solving the Schrodinger equation across the structure, the transfer
matrix method is applied to obtain the electron reflectivity probability as a function of

the normalised incident electron energy4.
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Figure 4.7 Equilibrium band diagrams of (a) standard quantum well laser diode, and (b)
quantum well laser diode with a multi-quantum barrier, MQB, structure in the £>-type
cladding layer close to the active region. The schematic illustrates the theoretical
enhancement dU in the band offset induced by the MQB.

The MQB technique of barrier enhancement has been successfully demonstrated for
metal-semiconductor junctions, where a 40% enhancement was measured for Au-
AlGaAs and Au-GaAs Schottky contacts, however when employed in AlInP/GalnP
based structures the theoretically predicted enhancement is not seen5. Similarly when
applied to AlGalnP red-emitting quantum well laser diodes a 16-20% enhancement in
the conduction band discontinuity is theoretically modelled, which is not
experimentally observed for fabricated devices(0,7. This may be attributed to several
possible reasons including, the ability to successfully grow abrupt and accurate super-
lattices, and the accuracy of the modelling techniques. Much work remains in the

optimisation of such structures.
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4.9 Buried heterostructure laser diodes

Planar laser structures are very inefficient, have a high threshold current and suffer
instability of the optical output. Their carrier and optical confinement, particularly of
the vertical transverse TM-mode, perpendicular to the active region (Figure 4.8), are
drastically improved by utilising quantum well and strained quantum well structures
in the active region. However, the important lateral transverse TE-mode, parallel to

the active region remains unstable.

Active layer

Lateral o
transverse , Emittei
TE-mode > light
Vertical
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Figure 4.8 Optical emission modes of an operating laser diode.

Fortunately the TE-mode is highly sensitive to the structure of the active region.
Several structures have been designed that utilise the concept of gain guiding or
refractive index guiding, and the buried heterostructure, BH, is one of the more

successful.

Buried heterostructure laser diodes are characterised by a low threshold current and
stable mode operation. This is the result of the tight confinement of charge carriers
and photons to the active region by the adjacent current blocking (thyristor)
structures, as shown in Figure 4.9. The /z-InP buffer and active layers are grown upon
the substrate then the curved mesas are defined and etched, the InP blocking layers
are then re-grown around the active region and the p-InP cladding layer is grown on
top, capping the device. A multi-quantum well structure is typically used as the active
region, leading to 2-dimensional carrier and optical confinement, as the refractive
index distribution around the active region results in total internal reflection. The
degeneracy of the TE and TM -modes are broken by the quantum confinement of the

multi-quantum well structure and the dimensions of the active region (i.e. the stripe
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width) are sufficiently small so that only the fundamental lateral transverse TE-mode
can propagate"®. Thus the multi-quantum well structure is fine tuned by the mesa
structure to impose stability on the laser mode of the device. The effective refractive
index of the active region is sufficiently higher than the neighbouring cladding
regions that it operates as a waveguide, resulting in the single TE-mode having good

enough confinement on the device for efficient coupling into optical fibres.

p-InP cladding
p-InP buffer

n-InP blocking layer

InGaAsP MQW
active layer n-InP buffer

n-InP substrate
e

Figure 4.9 Transverse cross section of a buried heterostructure, BH, laser diode.
The diagram illustrates the crucial area around the active region; the curved mesa
structure is etched into the device before the subsequent re-growth of the blocking
layers adjacent to the multi-quantum well active region.

The function of the current blocking layers is to funnel the injected current into the
active region under forward bias, for stimulated emission to occur. When driven in
the forward direction one of the pn-junctions of the pnpn blocking structure is under a
reverse bias thus offering a substantial barrier to current flow across that region of the
device, hence promoting the injected current to flow into the MQW active region.
The crucial point of the structure is the area between the blocking layers and the
MQW active region. Unfortunately, the pn-junction that opposes current flow around
the MQW, the junction between the p-InP and #-InP blocking layers, cannot be grown
right up to the edge of the active region. The presence of a low dopant buffer layer is
necessary between the n-InP blocking layers and the MQW’s to prevent dopant
diffusion from the highly doped n-InP blocking layers into the intrinsic quantum
wells. Therefore the properties of the interface between the p-InP blocking layer and
pn-junction layer, i.e. the area between the n-InP blocking layer and the MQW’s, is
crucial to the efficiency of the device performance. Although the p-InP blocking

layer and pn-junction layers are physically connected either side of the active region,
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the current path between the two is blocked by the depletion region of the reverse
biased pn-junction at the corners of the mesa structure’. The device performance is
therefore very sensitive to the dimensions of the structure and extent of the depletion

region at this location.

The structure gives the BH-MQW laser good characteristics, however it is in the
complexity of the structure that the device weaknesses also lie. The curved mesa
structure is chemically etched upon the wafer surface after the device is grown up to
the active layer; blocking layers are then re-grown on top. It is the quality of the
etched curved heterointerface where problems can originate. During operation there
can be an increase in the defect density at the heterointerface, leading to an increase in
non-radiative recombination current, consequently the threshold current increases.
This problem is dependant on the physical manufacturing process of the device and as

such is an aspect extensively researched.

4.10 Summary

This chapter provides an overview of quantum well laser diodes starting at the basic
principles of pn-junctions upon which the mechanisms of more complex laser
structures base their fundamental properties. The basic properties of pn-junctions,
such as the built-in potential and depletion region, are paramount in the interpretation
of photocurrent images; photocurrent imaging directly maps the distribution and
characteristics of pn-junctions. The utilisation of pn-junctions in laser devices is then
discussed, along with the important incorporation of quantum wells into the active
layer to enhance the laser’s characteristics. The principles behind two particular laser
structures, the planar multi-quantum barrier QW-laser diode, and buried
heterostructure multi-quantum well laser diode, are briefly outlined. In particular
their application and developmental difficulties are discussed. This chapter provides
the fundamentals necessary for the interpretation of near-field optical and near-field
photocurrent measurements taken in the characterisation of both multi-quantum
barrier lasers and buried heterostructure laser devices that are presented in chapters 8

and 9 respectively.
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Chapter 5

Theory: Near-field photocurrent microscopy

5.1 Internal photoemission

The technique of internal photoemission (IPE) probes the buried interfaces of
semiconductor devices by irradiating them with an external photon source of a
sufficient energy, hv, such that charge carriers are optically pumped over band-
discontinuities producing a photo-excited current, called a photocurrent, which can
subsequently be detected at the external device contacts'. The method is applicable to
both Schottky diodes and semiconductor heterostructures however the precise
mechanism of photocurrent generation is different for each and is thus sensitive to
different features’.  The strength of IPE lies in its ability to directly probe the
characteristics of real buried interfaces as opposed to surface sensitive techniques that
can only hypothesise the precise interface physics by examining the surface pre-
burying. If IPE is performed with photons of a variable energy in a technique known
as internal photoemission spectroscopy (IPS), then a series of features can be revealed
by plotting the photocurrent with the photon energy that correspond to the energetic

phenomena that are activated within the device as the photon energy is tuned.

An alternative technique is sensitive to lateral variations in such energetic processes
by scanning the optical source, at fixed photon energy, over the sample and mapping
the photocurrent intensity, thus producing a spatial image of photocurrent contrast in a
method called photocurrent imaging. The ability of all imaging techniques is
ultimately measured by their maximum resolution, and thus different excitation
sources and schemes have previously been employed in efforts to perform
photocurrent experiments using increasingly focussed excitation spot sizes. The
technique of optical beam induced current (OBIC)’ excites a photocurrent by
focussing the plasma arc spot of a mercury lamp onto a pinhole aperture which acts as
a well defined point light source, that is re-imaged onto the sample surface using a
microscope with a long working distance objective. The illumination spot size
achieved by this method is approximately 15um in diameter’. An alternative
technique is to use the high energy electron beam of a scanning electron microscope

(SEM) to provide the excitation source in a method called electron beam induced
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current (EBIC)®. The ultimate spot size achievable by a SEM is approximately 10nm;
however this is implemented using highly energetic electrons (10-30KeV) which can
easily damage the device under test and lead to the formation of surface states or
inversion layers thus altering the electrical properties of the device, such damage is
only averted by using a reduced accelerating voltage below approximately 1.5KeV,
unfortunately this results in noisy images of poor resolution’. Clearly there is a
necessity for an optical based imaging technique which does not perturb the sample
and has a far superior resolution (illumination spot size) to that implemented in these

previous experiments.

Note that the scenarios discussed here are for zero applied external field, internal
photoemission experiments can be performed under forward and reverse bias
conditions and were attempted during the course of this study. However the best
results were attained for zero volts applied bias, thus all theoretical discussions are for
zero applied bias. Although internal photoemission spectroscopy was not performed
as part of this study it is still extremely relevant in discussing the origins of

photocurrent generation and in considering the foundations of photocurrent mapping.

5.2 Fowler’s theorem

Internal photoemission techniques are based upon the optical activation of charge
carriers within a sample above an energetic boundary. In the case of Schottky diodes
this is the Schottky barrier ¢,, and electrons within the metal at the junction which are
excited with an energy Av =¢, are transported across the junction by the built-in field
producing a photocurrent signal. For semiconductor heterojunctions, such as pn-
junctions, the energetic boundary is characterised by the band-gap energy E; of the
material, electron-hole pairs are optically generated when Av =FE; and transported
across the heterojunction by the built-in field of the interface, generating a

photocurrent signal.
The theoretical foundations of internal photoemission spectroscopy are based on the

classical treatment of the photoelectric effect by Fowler’. For the photoelectric effect,

the number of electrons N emitted from the metal into the vacuum level is given by®
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-2u =3u
N=AT I:%+%,u2—(e_”—e4 +e9 -ﬂ (5.1)
and U= hl‘:;f" (5.2)
B

where Aw is the photon energy (= Av), T is the temperature, 4 is a constant, and ¢ is
the barrier height (work function). The threshold energy for photoemission is Aw =g,
and above threshold for (Aw - @) =6kpT, equation (5.1) reduces to the simplest
quadratic form with an accuracy of 5%

N=ATy? (5.3)
The internal photocurrent, Ip, is proportional to A, therefore equation (5.3) can be
rewritten

Lh=(hv-¢) (5-4)
The barrier height can thus be extracted from equation (5.4) by plotting the square
root of Ip versus Av, in a graph known as a Fowler plot, and extrapolating the linear

portion to «fp = 0, the Av intercept denotes the barrier energy’.

Equation (5.4) for the photocurrent /p can be employed for both Schottky junctions
and semiconductor heterojunctions by replacing ¢ with ¢, the Schottky barrier height,

and Ej the semiconductor band-gap'?, respectively.

5.3 Near-field photocurrent microscopy

Upon the implementation of near-field microscopes operating at optical wavelengths
there was a surge of research to transpose traditional far-field techniques into the
newly realised geometry of the near-field, and thus enhance the capabilities of the
various experiments by incorporating the nanoscale resolution of NSOM. The
optically-stimulated current techniques were first implemented using the near-field
probe as a localised excitation source to photo-excite currents at the surfaces of

1,12 1314 thus performing OBIC in the near-field.

semiconductors and laser diodes
Later buried interfaces were probed by implementing the more difficult technique of
IPE using the highly localised excitation source of the near-field aperture'®. The work
carried out within this thesis aimed to further these early near-field induced current
experiments by (a) enhancing and optimising the imaging mechanism, and (b)

investigating new samples using the polished technique. Note, both near-field optical
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beam induced current (at surfaces) and near-field internal photoemission (at buried
interfaces) are encompassed by the term near-field photocurrents or photocurrents

hereafter.

The combination of NSOM with photocurrent techniques, which were previously
restricted in resolution by the illumination spot size, enables the measurement of
photocurrents with high lateral resolution, and thus the investigation of variations in
solid interface properties and the distribution and extent of pm-junctions. The
employment of former space averaged, or illumination spot size limited techniques in
the geometry of the near-field allows local variations in sample properties to be
revealed at resolutions of the order of the near-field aperture diameter. Coupled with
the simultaneously acquired information of the shear-force topographic imaging
mechanism, and other complementary NSOM modes such as collection imaging (as is
discussed later when analysing QW diode lasers), these mechanisms make near-field
photocurrent imaging at surfaces and buried interfaces a very powerful analytical

technique for semiconductors and their related interfaces and devices.

The precise photocurrent generation mechanisms for Schottky junctions and pn-
Jjunctions are slightly different and as a result are sensitive to different features of the
relevant junction; the following sections elucidate on the stimulation of photocurrents
in the structures examined in this study and discuss the resolution of imaging such

devices.

5.4 Schottky junctions and photocurrent mechanisms

For a metal-semiconductor (n-type) Schottky junction under zero applied bias, a
photocurrent signal is generated when photons of energy Av =@, are incident at the
interface. Electrons at the metal surface are optically excited from the metal Fermi
level to an energetic state above the barrier energy, as shown in Figure 5.1. In the
absence of an applied field it is only those excited electrons close to the Schottky
interface (within a diffusion length) that are driven over the barrier by the built-in
field of the junction, that exists between the electron accumulation layer within the
metal boundary and the positive uncompensated donor ions that are fixed within the

depletion region of the n-type substrate. Once over the barrier a field is established
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which is sensed as a photocurrent. The photon energy used is far less than the band
gap energy (Eg> hv >8$,), and thus less than that required for inter-band transitions
within the semiconductor. It is possible that electronic transitions may occur from
states residing within the band-gap, such as MIGS or defect states, howeverit has
been shown that photocurrents are only very weakly affected by such phenomenadue
to the low absorption coefficient of the semiconductor at such energies16. The effect
of such states has previously been discussed in chapter 3, andis most likely

manifested in Schottky barrier pinning (Fermi-level pinning).

hv

Metal //-type semiconductor

Ideciron
accumulation region

Figure 5.1 Photocurrent generation at a Schottky junction excited by photons of

energy hv >$, for zero applied bias.
Near-field photocurrent imaging uses a fixed photon energy to locally excite carriers
and generate a photocurrent at each pixel of the image. The photon energy is constant
therefore variations in the photocurrent intensity are ideally a consequence of
variations in the Schottky barrier height resulting from inhomogeneities of the
interface, assuming a constant optical intensity is incident at the interface. Thus near-
field photocurrent imaging directly probes the Schottky barrier and reveals
fluctuations in its magnitude that can be attributed to local variations in interface
stoichiometry, barrier pinning mechanisms such as metal-induced gap states, interface

defects, and dopant effects.

Note the mechanism of near-field photocurrent imaging is highly sensitive to the

optical intensity at the interface, which forms a primary factor that must always be

considered when interpreting photocurrent images. Photocurrent imaging of Schottky
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diodes is performed by illumination of the interface through the thin metal top
contact, the semiconductor substrate is atomically flat, and therefore variations in the
surface topography of the metal layer, detected by shear-force imaging, are due to
variations in the thickness of the metal layer itself. This indicates variations in the
separation of the near-field aperture and optically sensitive interface, and thus
variations in the optical intensity incident at the interface. For example, an increased
surface topography increases the probe-interface separation, which reduces the optical
intensity at the interface. The surface topography of a rough sample can therefore
influence the photocurrent imaging mechanism, inducing a topographic artefact in the
optically generated signal'’, as discussed fully in chapter 6, sections 6.6 and 6.7.
Precautions are taken to avoid such processes contaminating photocurrent data, such
as the engineering of flat samples to minimise or eliminate any topographic

component of the photocurrent signal.

The resolution of near-field photocurrent imaging is a complex issue and is highly
dependent upon the nature of the sample and the imaging configuration. The
resolution and contrast of near-field photocurrent imaging of dislocation defects on
semiconductors has been investigated by Xu et al'’ using a numerical simulation
based on a two-dimensional carrier diffusion model with a localised generation term.
Comparison with experimental images revealed good agreement in lateral resolution,
contrast, and sharpness, where lateral resolution was found to be limited by either the
aperture diameter or the defect diameter, whichever is larger. The situation in the
photocurrent imaging of Schottky junctions is more complex however as the
photosensitive interface is buried beneath the metal top contact. The light incident at
the interface therefore passes through the intermediate metal contact layer and is
dispersed from the highly confined near-field aperture by diffraction and scattering in
the metal. This is limited by using a metal layer that is of minimum thickness, typical
Ni thicknesses used in this study of Ni-SiC diodes were 20-40nm, note it is favourable
to illuminate the interface via the metal top contact as illumination via the thick
(~340um) substrate would further optical dispersion. The near-field photocurrent
imaging of Schottky junctions has received very limited previous investigation, a
similar study carried out by J. Almeida et al®® on the Pt-GaP Schottky junction

estimated a lateral resolution of 100-200nm, which is approximately a factor of 20

61



5. Theory: Near-field photocurrent microscopy

times improvement over the similar far-field OBIC technique. This compares closely
with that measured for the near-field photocurrent imaging of stretch-oriented
polymer films at ~150nm lateral resolution'®, and studies of solar cells that estimated
~250nm lateral resolution'®. The resolution observed for these studies of the Ni-SiC
Schottky interface was within the range 100-200nm, although the diameter of the
near-field source used was ideally 50nm (50-100nm), resolution was limited for the
Schottky diodes by optical scattering during transmission to the buried photo-sensitive

interface.

The photocurrent imaging of buried Schottky interfaces performed at zero applied
bias conditions maximises the sensitivity to the barrier properties, under forward bias
the signal to noise ratio is improved however the photocurrent sensitivity to the
barrier is diminished®. Under reverse bias the photocurrent is enhanced by the higher
junction field strength which decreases the probability of recombination, however it
also decreases the barrier thickness which allows tunnelling mechanisms to contribute

to the photocurrent signal.

5.5 pn-junctions and photocurrent mechanisms

When a semiconductor in equilibrium (zero applied bias) is illuminated by photons of
energy hv, greater than the band-gap energy, E,, of the semiconductor then optical
absorption occurs and an electron is excited to the conduction band leaving a vacated
hole in the valence band, thus forming an electron-hole pair. The electron only
remains in its excited state for a short period, known as the carrier lifetime, 7 (order
~10pS), during which period carriers can diffuse up to the carrier diffusion length, L
(L™ ~100nm, and L™ ~10nm), before the electron relaxes to recombine with a
valance band hole. If the photo-excitation occurs within the depletion region or
within a diffusion length from it, an electron-hole pair is created and the charge
carriers are quickly separated by the built-in field of the depletion regions of the pn-
junction, establishing an electric field in the sample that propagates a photocurrent, as
shown in Figure 5.2. If the charge separation occurs within the p-type depletion layer
the photo-excited electron is quickly swept across the pn-junction by the built-in field
into the n-type semiconductor, thus lowering its energy, while the hole is trapped in

the p-type material by the barrier. Conversely, when an electron-hole pair is
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generated within the n-type depletion layer it is the hole that undergoes the
energetically favourable transition across the junction into the/;-type semiconductor.
Thus the excitation of electron-hole pairs within the depletion region of a p/7-junction
results in the transport of the minority carrier across the junction, inducing a

“photocurrent” that flows in the reverse direction.

hv

Electronj-hole pair generation

/7-tvpe Depletion regions /l-type

Figure 5.2 Photo-excited electron-hole pairs within the depletion region of a pn-
junction are quickly separated by the built-in field inducing a reverse direction (or
leakage) “photocurrent”.

Unlike the photocurrent imaging of Schottky diodes, semiconductor heterostructure
devices consisting of pn-J/unctions are imaged in these studies with the NSOM probe
oriented parallel to the growth plane of the device i.e. in the cross-sectional
configuration (see section 6.5). Within the bulk regions of the device there are no
fields and thus a photocurrent does not propagate when the NSOM probe is scanned
there, however when the probe scans across the interface of a pn-Junction charge
carriers are separated and a photocurrent is sensed. Therefore near-field photocurrent
imaging is extremely useful in accurately locating the precise position ofpr-/unctions
and determining the extent of their associated depletion regions. The near-field
photocurrent imaging technique directly images the electronic device structure of
fabricated devices, which can be correlated with the simultaneously acquired surface
topography, and collection imaging modes. Photocurrent imaging effectively maps
the minority carrier transport properties of the device, and is sensitive to growth
uniformity and non-radiative defects, properties that are very important to device

physics.
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The resolution of cross-sectional near-field photocurrent imaging of semiconductor
heterostructures is determined by a combination of the excitation volume (near-field
aperture area X absorption length) and the minority carrier diffusion length, L. The
minority carrier type and diffusion length depends upon the doping of the different
layers in the device; therefore the photocurrent resolution will vary across the device
structure according to the material properties. The near-field aperture area is of the
order r*, where r is the aperture radius, the evanescent waves of the near-field aperture
decay exponentially away from the probe within approximately 7, thus the excitation

3. Photocurrent is thus generated from a total source volume

volume is of the order r
of a combination of the excitation volume and the carrier diffusion, the spatial
dependence of the photocurrent oo 1S given by2 1.22

Ihoto = 1o €xp(-x/L) (5.5)
where L=(D z')”2 (5.6)
and D is the diffusion constant and has the value

D =kgTu/q 5.7
@ is the carrier mobility, and I is the current observed from the centre of the depletion
region. By estimating the quantum efficiency of evanescent modes to be 8% and the
carrier lifetime from far-field excitation experiments, Buratto et al® conducted
photocurrent imaging on InP based devices and estimated resolutions of 430nm and
150nm in the p and » type materials respectively. However the observed resolution
was approximately 250nm in the n-type material, still indicating an asymmetric
photocurrent response of prm-junctions. Similar investigations of photocurrent
capabilities on heterostructures were conducted by Unlu et al'* who reported an
average resolution of ~350nm, which is in agreement with the results of Buratto et
al®. The studies of multi-quantum barrier and buried-heterostructure laser devices
conducted here demonstrated average lateral resolution in the range 100-200nm,

similar to that observed in the analysis of Schottky diodes.

5.6 Summary
Near-field photocurrent microscopy is a very powerful imaging mechanism,
especially when coupled with other simultaneous NSOM modes such as shear-force

topography or collection NSOM. The photocurrent generation mechanism is
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dependent upon the material system being examined, which must be considered when
interpreting photocurrent images. Another factor that must be considered is the
influence of topographic artefacts on the near-field photocurrent signal response;
however this is only a factor when imaging samples of rough surface topography and

non-uniform metal top-contact layer thickness.

Within this chapter the theoretical origins of photo-excitation measurement
techniques is discussed, along with the far-field predecessors to near-field
photocurrent imaging. The mechanism of photocurrent generation at the buried
Schottky interface is discussed along with the possible causes of photocurrent contrast
that allow Schottky barrier properties to be mapped at high resolution, providing
insight into the sub-micron distribution of interface properties previously
characterised by large scale averaging techniques. Such interface phenomenon
includes interface states, defects, voids, and carbon segregation, that all may cause

variations in the Schottky barrier height.

The corresponding mechanisms responsible for photocurrents in pn-junction based
laser structures are similarly discussed. These allow the accurate imaging of pn-
junctions, and the distribution and extent of the associated depletion regions.
Coupling knowledge of the device operational mechanisms with this can reveal
probable conduction pathways throughout the device structure, and assess the

functionality of a device and quality of its fabrication.
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Chapter 6

Experimental

6.1 Introduction

Within this chapter the key experimental developments are discussed including the
device specific procedures implemented in making electrical contact with samples to
enable their subsequent imaging. The chapter begins with the standard configurations
and specifications of the two NSOM’s used and progresses to discuss the
development of near-field photocurrent imaging, focussing on the amplification of
small signals and the implications of electrical noise to such measurements. The
implementation of near-field imaging mechanisms with respect to Schottky diodes
and laser diodes is then addressed, including the vital formation of electrical contacts
and imaging procedures. Finally the problem of scanning artefacts is éddressed with a
theoretical discussion and experimental precautions taken to minimise such pollution

of data.

6.2 NSOM configurations / specifications

During this work two commercial near-field scanning optical microscopes have been
utilised, the Veeco Aurora-2 and Aurora-3 NSOM’s. The example of the Aurora-2 is
first used to demonstrate the implementation of NSOM, the differences and

modifications of the Aurora-3 are subsequently described.

The fundamental element used in both NSOM systems is identical and is the fibre
optic aperture probe; probes consist of a single-mode optical fibre tapered to a sharp
end with an aperture produced of typically 50nm in diameter. The fibre taper is also
coated with aluminium approximately 100nm in thickness to increase optical
confinement and realise resolutions dictated by the size of the aperture. Note that
during the course of these studies NSOM probes with larger aperture diameters of
100nm were also employed to increase signal throughput in cases of collecting

extremely low optical intensities and low quantum yield efficiency.

As discussed previously in chapter 2, it is not only the aperture dimensions that make

near-field experiments possible, the sample must also be scanned within the near-field
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zone of the aperture which requires a tip-sample separation of usually less than 10nm.
The Aurora instruments operate in a non-contact, shear-force mode and they use a
quartz tuning fork mechanism to control probe-sample separation, as described fully
in chapter 2. The NSOM probe is attached to the side of one prong of the tuning fork
with the tip slightly proud of the end (figure 2.5, section 2.6.2) '. The vibrating
piezoelectric tuning fork produces a small voltage which is used to measure the probe
vibration amplitude by amplification and detection using a lock-in amplifier. The
phase difference between the tuning fork signal and the drive signal is measured and

utilised in the feedback circuit, as illustrated in Figure 6.1.

Laser
Fibre
coupler
Dither Reflection
piezo Objective
_ lens Rotating Flipper
mirror mirrors
Stage
Control
electronics
Transmission
objective lens
PMT

Figure 6.1 Schematic representation ofthe Aurora-2 near-field scanning optical microscope.

Both Aurora systems use identical probe / tuning fork systems that are mounted on
machined PCB (printed circuit board) plates which are interchangeable in the
microscope heads, these are installed under three sprung contact pins that make
electrical connection to the tuning fork and serve to mechanically locate the PCB

mounting plate.

Crude probe positioning is performed using a tripod combination of finely threaded

posts, two are manually adjusted and one motorized for fine control. The sample is
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mounted directly upon the scanning stage which is controlled by a three piezo scanner
arrangement, which is itself mounted upon a precision xy table driven by DC motors

that facilitate accurate alignment of the probe and sample to the desired location.

The schematic of Figure 6.1 also illustrates the various optical paths of the Aurora-2
NSOM and some of the standard optical components used in recording data,
focussing the optical elements, and monitoring the probe-sample approach. Both the
reflection and transmission optical paths are illustrated, and are selected between
using the rotating mirror, located in the optical tower. The reflection objective lens is
located just above the sample fixed at an angle, while the transmission objective lens
is positioned directly beneath the sample stage; both lenses are positioned with xyz

translators for focussing.

When approaching the tip and sample, the reflected path is used and directed to the
CCD camera by the flipper mirrors, the highly magnified view of the probe and
sample is then displayed on an external monitor and used for the final positioning and
approach. The probe and sample are illuminated by a light source located within the

microscope head controlled externally.

When using the NSOM aperture to illuminate the sample as a near-field optical
source, the fibre tail of the NSOM probe is coupled to an external laser source. A
633nm, 1.96eV HeNe laser, and a 488nm, 2.55¢V Ar' laser were available for these
investigations, both producing ~25mW for coupling into the probe fibre tail. The
instrument can then be setup for reflection or transmission-NSOM by using the
rotating and flipper mirrors to guide the desired optical path to the photomultiplier
detector PMT. The NSOM probe is also used as an illumination source when
performing near-field photocurrent microscopy, in this configuration only the
reflection path and CCD are used in approaching the probe and sample. Photocurrent
measurements are performed by system modifications which are discussed in detail in

section 6.3.

Light emitting samples can be imaged by using the NSOM aperture to collect light at
the sample surface using the instrument in the collection-imaging configuration (see

chapter 2, figure 2.6(d)). The probe samples and collects the light emitted at the
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aperture location on the sample surface, which then propagates through the fibre. The
local optical intensity is then measured by focussing the end of the fibre tail onto the
PMT detector; however intensities typical of this configuration are very low and
require a more sensitive optical detector, such as an avalanche photo-diode, APD.
The detector used was a Perkin Elmer photon counting module, which is highly
sensitive and in theory can detect individual photons; however its sensitivity requires
careful attention to prevent destructive saturation of the device which can measure a
maximum count rate of 13 MHz, which implies a maximum count rate of 65 KHz at a
typical integration time of 10ms. The APD is ideally suited to performing collection
NSOM and may also by utilised in performing low intensity reflection or
transmission-imaging by replacing the PMT by the APD in apparatus arrangement set
out in Figure 6.1. When using the APD in any measurement configuration the APD
detection time, i.e. integration time, becomes the rate determining step of the imaging
process by virtue of its comparatively long duration, and thus the time spent by the
probe at each image pixel is dictated by the APD integration time instead of the scan

rate parameter in the device software.

The Aurora-3 NSOM is essentially a very similar instrument to the Aurora-2 with
some additional improvements. The most apparent difference is that the reflection
and transmission optical paths are independent and have their own CCD cameras.
The benefit of separating the optical pathways is that reflection and transmission-
imaging mechanisms can be performed simultaneously, requiring two optical
detectors. The most significant improvement of the Aurora-3 is that it uses a real-
time, closed-loop linearised scanner, which is extremely accurate and eliminates all
piezo-drift, this was a typical problem encountered when using the Aurora-2
instrument for prolonged periods. The closed-loop scanner also allows for the NSOM
probe to be accurately manipulated to a location and held at a point for a period

enabling localised point spectroscopy to be performed.

Both NSOM systems are mounted upon extremely heavy vibration isolation tables
which are suspended by pressurised air-leg pistons to mechanically isolate the
microscopes. Optically they are both isolated by highly efficient optical enclosures,
removing all external background light, which also prevents disruption of the

sensitive shear-force scanning condition by unwanted noise vibration. To ensure
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background optical levels are minimised imaging is performed in a dark room with
non-essential instrument panels blackened and monitors dimmed, this is crucial in

enabling the alignment of the very sensitive APD detector.

6.3 The development of near-field photocurrent microscopy — from macroscopic
to nanoscopic photocurrents

Far-field photocurrent experiments using micron scale illumination sources have been
successfully utilised for a number of years, these include optical beam induced
currents, OBIC2’3’4, and the higher resolution electron beam induced conductivity
measurements, EBIC°. Both methods rely on far-field focussing techniques and use a
modulated illumination source allowing the implementation of lock-in amplification
detection. Although both of these methods have been successfully implemented they
also have a common weakness, the ultimate resolution attainable is of micron order
magnitude, whereas it is desirable to examine interfaces with much smaller nanoscale
sensitivity. This is achieved by combining the nanoscale illumination properties of a
near-field scanning optical microscope with photocurrent imaging experiments and
has previously been performed to a limited extent for semiconductor devices
including Schottky diodes®’, semiconductor heterostructures®®, and solar cells'?. All
of these previous near-field photocurrent experiments on varying samples used a
common photocurrent measurement configuration, relying solely on a lock-in

amplification detection scheme as in the far-field scenarios.

Near-field photocurrent microscopy modifications to the NSOM, in the case of the
work presented here, were developed using Ni-SiC Schottky diodes as the sample,
thus the preparation of suitable samples was refined in parallel with the development
of the photocurrent detection technique. The preparation and improvement of suitable
Ni-SiC samples is discussed in detail later, this section focuses on the measurement of
near-field induced photocurrents. Photocurrent generation and near-field induced

photocurrents are discussed in chapter 5.

Ni Schottky contacts are deposited on the SiC wafer surface through a mask in the
form of 600um diameter circular dots. Far-field photocurrent measurements are
performed by focussing the output of a cleaved fibre optic coupled to a 25mW laser

onto the entire Ni dot surface. The dot has an external electrical connection upon the
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Ni surface which is connected to a Keithley 2400 Source-meter and 6485 Pico-
ammeter, the circuit is completed with a connection to the SiC back contact. Note
making electrical connections to Ni-SiC diodes is discussed in detail in the following
sections. Such far-field photocurrent measurements were performed frequently as a
crude test of the Schottky nature of a sample, i.e. testing the quality of the Schottky
junction, if a sample is a poor Schottky junction or in the extreme case an ohmic
interface then no photocurrent is observed. The quality of the electrical connections
made with the sample can also be assessed in this way, if the top contact has pierced
through the Ni and is in direct contact with the substrate then again no photocurrent

response is observed.

Typically far-field illumination of entire Ni Schottky dots on SiC excited a
photocurrent intensity measured by the pico-ammeter to be in the range 10” to 10®
Amps. This is a very small photocurrent signal for entire dot illumination and
indicates the difficulties presented by near-field induced photocurrent measurements
especially upon such samples displaying very low optical interaction. A simple
estimate can be made from these far-field photocurrent intensities of the expected
orders of near-field induced photocurrent to be measured by assuming that both
illumination regimes exhibit the same intensity per unit area. Far-field illumination
covered a circular dot of 600um diameter whereas the near-field excitation field is
restricted by the circular aperture of 50nm diameter this implies a near-field
photocurrent intensity of 107 to 10'® Amps, which is negligible. However,
fortunately the interaction of the evanescent waves of the near-field aperture with the
sample surface is more efficient than the assumption made by this estimation and so
the near-field intensity is much greater than the simple far-field equivalent over the
50nm diameter area, consequently the near-field photocurrent intensity will also be

greater.

As demonstrated by previous near-field experiments modulation of the illumination
source and lock-in detection is necessary, and was confirmed as essential by a near-
field photocurrent imaging experiment using the Keithley 6485 Pico-ammeter as a
detector and coupling its varying analogue voltage output to an external input of the
NSOM ECU (electronic control unit) for mapping. This was performed using an

opened-aperture NSOM probe that delivered a large but broad optical intensity and
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induced a detectable level of photocurrent. However the signal measured by the pico-
ammeter and mapped by the NSOM ECU was a replica of that plotted by the shear-
force topographic image, indicating that the varying potential applied to the scanner
piezos in following the sample surface induced a current within the closely mounted
sample or connection wires, which dominated the small photocurrent signal.
Screening of this interference using earthed metal shielding dramatically improved the
response but still highlighted the necessity for source modulation and lock-in

detection to fully remove noise from the signal.

Near-field induced photocurrent signals are inherently tiny and thus require careful
precautions to reduce the influence of noise within the photocurrent detection system.
The most efficient method of noise rejection is the use of a lock-in detection
technique whereby the optical excitation field is modulated at a tuned frequency that
is referenced to the lock-in amplifier, LIA. The sample is illuminated by the
oscillating optical field thus exciting an oscillating photocurrent within the sample.
The photocurrent signal, plus noise, is input into the LIA which detects signals that
oscillate as the reference frequency, amplifying them to specified parameters, and
rejecting all other signals i.e. noise influences. The strength of the technique relies
upon the tuning of the optical field modulation, i.e. reference frequency, to a
frequency that is dissimilar to the oscillation of any unwanted noise signals. The
available frequency range however is limited by the photocurrent response time of the
sample and the scan rate of the photocurrent imaging process, the excitation field
cannot be modulated faster than the sample response while it must also be faster than
period of the data collection time per imaging pixel. These considerations were taken
into account and the optimum optical modulation rate estimated and finely tuned

experimentally.

Lock-in detection is a very effective technique, however further noise reduction steps
are required in accurately measuring and mapping such small currents. During the
photocurrent imaging process the sample is acting as a current source and has a very
high impedance, thus it is highly susceptible to the pick-up of noise. In order to
reduce the influence of unwanted signals it is necessary to convert the varying
photocurrent signal to a varying voltage which is a low impedance signal less

susceptible to noise, this must be done as physically close as possible to the sample
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and is performed using a I-to-V preamplifier. The circuit used for the I-to-V
photocurrent preamplifier is displayed in Figure 6.2, and is based on the Analog
Devices ADS549 ultra-low input bias current operational amplifier, which is a
monolithic electrometer op-amp with very low input bias current and input offset

voltage driftll

R, = 100MQ
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connections
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Figure 6.2 I-to-V photocurrent preamplifier based on the AD549 ultra-low input bias
current operational amplifier.

The preamplifier is connected to the sample by single-core shielded cables which are
of the minimum required length and connect to the op-amp via PTFE standoffs that
are isolated by an earthed guarding loop, to prevent surface leakage on the printed
circuit board, PCB. The AD549 op-amp is mounted in a PTFE socket and the
photocurrent signal is connected from the standoff to the inverting input pin of the
amplifier by a flying connection. The remaining sample terminal is connected from
its standoff to either the earth rail or a stable variable potential between OV and -1.0V
determined by the 10KQ potentiometer connected across AD589 reference diode and

smoothing capacitors. The feedback resistance R|. and capacitance Cp are connected
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from the op-amp output back to the inverting input using flying leads to eliminate
surface leakage of the PCB, the voltage output is also screened before the output

terminal by a low-pass filter.

The AD549 op-amp is an extremely sensitive device, therefore a stable power source
1s essential to its accurate operation, requiring the stability of a battery supply over the
possible fluctuations of a mains driven power source. The op-amp is driven by two
banks of three nickel metal hydride (4.8V, 150mAh) rechargeable PCB batteries,
connected in series thus delivering + 14.4V to the positive and negative rails, the OV
rail is a floating earth referenced at the centre point between the two 14.4V banks of
cells. The two banks of cells are trickle charged through a 210Q2 resistor and (4002)
diode in series at 18V. The batteries are connected to the op-amp circuit by positive
(78L12) and negative (79L12) voltage regulators and smoothing capacitors, which
control the driving voltage to a stable £12V. The driving voltage is finally smoothed
one last time by the 0.1uF capacitors located very close to the AD549’s power input
pins. The circuit is constructed to be as compact as possible minimising PCB
connection lengths, and free space is covered with earthed copper providing

additional shielding from noise, particularly surrounding the op-amp.

The I-to-V photocurrent preamplifier circuit and power source is housed within an
earthed die-cast enclosure for additional screening as shown in Figure 6.3. The
preamplifier inputs are carried by single-core screened cables, however the last S5cm
of the connections are very thin, bent, insulated but unscreened wire, this was
necessary to allow the sample scanning stage free movement, and apart from the
sample is the only unscreened element in the photocurrent detection scheme. The
varying voltage output of the preamplifier is input directly into the LIA, where the
photocurrent signal is extracted and amplified via lock-in with the reference signal
from the optical chopper, used to modulate the laser source prior to launching into the
NSOM fibre probe. The optimum chopper frequency for signal detection and noise
rejection was estimated and experimentally determined as 169Hz. The LIA is a
Stanford Research Systems SR850 DSP, and has a maximum sensitivity of 2nV. The

preamplifier exhibits a gain of 10® adequately increasing the near-field photocurrent
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signal to a detectable level. The output from the LIA is input into the NSOM ECU for

mapping via an external data channel with 0-10V limits.

Optical chopper
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Lock-in
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Fibre control
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Figure 6.3 Near-field photocurrent imaging configuration. The laser output is modulated by
an optical chopper prior to launching into the NSOM probe fibre tail, the frequency of which is
referenced to the LIA. The sample is connected directly to the I-to-V photocurrent
preamplifier (Figure 6.2) which is housed within an earthed die-cast enclosure along with the
battery power source, the output of which is input into the LIA, and subsequently mapped by
the NSOM ECU.

The voltage offset of the amplifier is an important factor when imaging different
device samples, the I-V characteristics of devices can vary considerably and this is
reflected in the dark current measured induced by a tiny offset voltage. The various
stages of the photocurrent detection scheme have their own input limits which are
easily saturated preventing photocurrent detection, therefore it is important to
minimise the offset measured in dark conditions. This is implemented by the 4K7Q
resistor and two multi-turn potentiometers connected in series, crude offset balancing
is done by the 5KQ potentiometer while fine trimming is performed by the 100Q

potentiometer.
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6.4 NSOM analysis of Schottky diodes

The near-field scanning optical microscope was employed in the study of nickel
Schottky contacts with silicon carbide using shear-force topographic imaging
simultaneously with reflection and primarily photocurrent imaging mechanisms. The
NSOM probe was approached onto the Ni surface oriented perpendicular to the
surface plane and thus also to the Ni-SiC interface. When performing near-field
photocurrent imaging in this configuration the shear-force topographic image follows
the Ni surface contours, whereas the near-field photocurrent is sensitive to the buried
Ni-SiC interface, i.e. photocurrent imaging aims to map nanoscale spatial variations in
the buried Schottky barrier by optically probing through the thin Ni top contact. The
success of photocurrent imaging of Schottky diodes is therefore dependant upon the
thickness of the Ni top contact, too thick and the probing optical field will not
penetrate to the Schottky interface. However there is also a minimum Ni thickness as
electrical contact must be made to the Ni top contact without piercing directly through
to the SiC substrate beneath. As discussed, there are several difficulties in the
successful implementation of near-field photocurrent imaging of Schottky diodes and
the thickness of the Ni layer is fundamental to this, therefore much effort was
focussed into the preparation of suitable samples. Sample preparation techniques are
discussed briefly as it is the implementation of near-field photocurrent imaging that

formed the primary focus of the work.

6.4.1 Sample preparation: Ni-SiC Schottky diodes

The near-field photocurrent investigation of Schottky diodes focussed on nickel
contacts with silicon carbide, a material system which has been implemented
successfully but requires optimisation and remains the topic of investigations'*'>.
Schottky diodes were fabricated specifically for near-field photocurrent imaging with
particular focus on the accurate deposition of uniform thin Ni top contacts, i.e. thin Ni

Schottky contacts.

The basic sample structure (Figure 6.4) consisted of a silicon carbide substrate of
340.36um total thickness including a 10um thick n-type epilayer doped with Nitrogen
at a concentration of 10'%m™. The Ni back contact is deposited using an Edwards
evaporator, and subsequently the back Ni-SiC interface is manufactured to be ohmic

in nature by annealing at a temperature of 900 to 1000°C for 10 minutes, this is
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necessary as Ni-SiC interfaces are naturally Schottky in character when deposited 1415.
The Schottky Ni top contacts are deposited through a tantalum mask to produce
circular contacts of 600 or 800/xm in diameter (depending on the tantalum mask used),
this is necessary as the SiC surface is not perfect and contains a certain density of
surface defects that, when incorporated in a Ni-SiC interface provide a current
leakage path dominating the device characteristics, resulting in ohmic behaviour of
the junction. By producing finite circular contacts as opposed to blanket coverage of
the SiC surface, the probability of a Ni-SiC contact containing such a defect is
reduced. The critical top contacts were deposited using either a high vacuum
Edwards evaporation chamber or an ultra-high vacuum evaporation system, however
for both the back contact was deposited first using the HV Edwards system and

subsequently annealed to ohmic in the same system.

Schottky Ni top contacts

600/im
~20mn
LZI1
w-type epilayer (1016cm'3) J 10/im
340jtm
SiC
Ohmic Ni back contact J~107m

Figure 6.4 Basic structure of a Ni-SiC Schottky diode fabricated for analysis by
near-field photocurrent imaging.

Prior to contact deposition by either the HV Edwards evaporator or UHV evaporation
system the SiC wafer surface was processed by a sequence of ex-situ cleaning and
etching steps to produce an atomically clean surface suitable for the growth of
accurate electrical contacts. The cleaning process comprised of a solvent clean, a
piranha clean, and an RCA clean, the full routine is described in appendix 11.1. The
solvent clean uses trichloroethylene, acetone and isopropanol to gently remove oil
based contaminants and dust from the wafer surface. The piranha clean uses
sulphuric acid and hydrogen peroxide to further remove organic substances. The RCA
cleaning step is harsher and chemically removes ionic contaminants, organic
substances and strips surface oxides by etching the SiC>, leaving the SiC surface

atomically clean and flatl6.
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6.4.2 Contact deposition: Edwards evaporation chamber

Ni deposition was primarily performed using an Edwards E306A thermal evaporator
which operated at high vacuum in the 10 to 10”7 mbar range, achieved with a rotary
and a diffusion pump. Working in a HV environment has the advantage of a
drastically reduced pumping time over UHV techniques, resulting in much shorter
sample preparation time, also deposition in an Edwards evaporator is comparable to

industrial manufacturing processes.

The Edwards system achieves metal evaporation by e-beam bombardment using a
tungsten coil filament to irradiate small pieces of pure nickel within a graphite
crucible, typically the filament current is 20mA and the crucible is at a potential of
4.2kV. The sample is located approximately 30cm directly above the Ni source
oriented with the side to accept Ni deposition facing downwards, with the SiC face
perpendicular to a line intersecting the crucible. For back contact deposition the
sample is fixed by two small clips at opposite corners leaving the SiC face open to Ni
deposition. Top contacts are deposited through a tantalum mask perforated with a
mesh of either 600 or 800um diameter holes that is fitted tightly to the SiC wafer
surface, thus the mask also serves to locate the sample wafer during deposition. A
translatable shield is inserted between the crucible and sample which, when in
position, shadows the sample from the evaporating Ni flux, and is translated out of the
flux path to control the Ni deposition time. The metal evaporation rate, or Ni flux, is
measured by an in-situ crystal monitor, and once the desired constant flux is achieved
the shield is translated away to commence deposition. The deposition rate is
controlled by the filament current and crucible potential, and measured using the
crystal monitor, thus the deposited layer thickness is subsequently controlled by the

deposition time.

Metal evaporation by this method is suited to the rapid deposition of thick layers (=
107m), however near-field photocurrent imaging of Schottky interfaces requires
uniform thin layers of the order 10®m. Thin layer deposition was achieved by
establishing a very low steady flux rate, only possible after the initial melting of the
small Ni pieces within the crucible, once a stable flux was achieved the sample shield
was removed for very short deposition times typically 20sec to 1min. However this

process was dependant on the accuracy of the crystal monitor in measuring the Ni
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flux, which proved to be a very unreliable technique, resulting in a hit or miss nature

to thin layer deposition using the Edwards evaporation system.

The Edwards evaporation system was used in the preparation of the majority of
Schottky top contacts examined primarily due to equipment availability, and also as
samples manufactured by this technique were prepared in approximately half the

duration required when using UHV deposition.

6.4.3 Contact deposition: UHV evaporation system

Samples with the top contact deposited in the UHV evaporation system were cleaned
as previously discussed, and the thick back contact deposited in the Edwards
evaporation system, without annealing. In the UHV system, as in the Edwards
evaporator, the top contact was deposited through a tightly fitted tantalum mask
which mounted the sample onto a sample holder stub top-plate. When working under
UHV conditions cleanliness is paramount, thus the stub top-plate and tantalum mask
were cleaned via an Aqua Regea etch consisting of a 3:1 mixture of nitric acid to
sulphuric acid for a duration of 2mins. Subsequently the mask and top plate were
admitted to UHV (without sample) and degassed by e-beam bombardment using a
previously degassed filament at 2.7A and an accelerating potential of 1kV. The
sample mounting stub was then removed from vacuum and the re-cleaned sample
(solvent clean and HF dip) clamped beneath the tantalum mask, and subsequently
installed into vacuum. Prior to UHV deposition the sample was heat treated in
vacuum by e-beam bombardment to a temperature of 1000°C, this removed oxygen
from the sample surface and simultaneously annealed the previously deposited back
contact to an ohmic nature. Ni contact deposition was performed with the sample
oriented as in the Edwards system and similarly using a shield system to control the
deposition time, metal was evaporated using an Oxford Research EGN4 mini e-beam
UHYV evaporator. Nickel of 99.99% purity was deposited at a rate of 1A in 7sec, thus
a 20nm thick top contact was deposited in 23mins. The benefit of depositing metal
contacts in such is a system, apart from the high level of cleanliness, is the fine
control of the evaporation procedure and the accuracy in depositing specifically thin
layers, a result of accurate source calibration. However, the obvious drawback is the

duration of the procedure which can take over seven days.
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6.4.4 Schottky diode sample holder

The imaging of Schottky diodes is performed with the NSOM probe oriented
perpendicular to the Ni top contact surface and approached from above. The
photocurrent imaging mechanism requires external electrical connections to be made
with the samples ohmic back contact and circular Schottky top contact in order to
implement the photocurrent amplification / detection system. Therefore an electrical
contact must be made with the 600 or 800/zm diameter Schottky dot that does not

physically interfere with the NSOM probe or tuning fork.

The thickness of the Schottky top contacts was optimised to be as thin as possible, in
order to maximise optical penetration to the Schottky interface, whilst maintaining an
adequate thickness to physically make electrical contact to, without penetrating
directly through the Ni layer to the SiC substrate beneath. The coupling of these three
requirements makes the formation of electrical connections with thin Schottky top
contacts a formidable task, however this was achieved using the Schottky diode

sample holder specified in Figure 6.5.
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Figure 6.5 Schottky diode sample holder (a) side view, and (b) top view.
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The Schottky diode sample holder was designed to mount directly onto the NSOM
scanner stage and fit within the confinement of the NSOM scan head. The sample
holder is constructed upon an insulating base block incorporating an elevated platform
from where the flexible probe mount is located above the sample. The flexible probe
mount is constructed from a composite of two insulating sheets, sandwiching the tail
ofthe contact probe, and is designed to fit within a vertical opening within the NSOM
scan head footprint. The contact probe is fine tungsten wire, bent into the desired
form with a tip flattened parallel to the sample surface in order to reduce the
probability of piercing through the thin Ni top contact to the SiC substrate beneath.
The sample is positioned upon a copper contact pad, which makes electrical contact
with the samples ohmic back contact, the copper (Cu) contact pad is etched onto a
printed circuit board (PCB) incorporating a Cu track connecting to a short external

connection pin, as displayed in the photo of Figure 6.6.

Contact
Flexible
probe
mount
Cu contact
pad

External contacts

Figure 6.6 Photograph of the Schottky diode sample holder.

The height of the top contact probe is controlled by a small screw countersunk into
the insulating base block, which exerts an upward force on the flexible contact probe
mount. The tail of the top contact probe is finally led via an insulated wire to a fixed
external connection pin mounted on the side of the base block, and both external
connections are made using short lengths (~8cm) of thin flexible insulated wires to

allow free movement ofthe NSOM scanner stage.
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When establishing an electrical connection to the thin Ni Schottky layer the sample
holder is connected to the Keithley 2400 Source-meter and 6485 Pico-ammeter and a
IV forward bias is applied. The sample is placed upon the copper contact pad of the
sample holder and positioned beneath the tungsten top contact probe such that the tip
ofthe probe is located slightly within the boundary ofthe Ni Schottky dot, leaving the
maximum possible surface area accessible to the NSOM probe. The contact probe is
then gently lowered using the finite adjustment of the countersunk control screw
while monitoring the reading of the Keithley 6485 Pico-ammeter. When electrical
contact with the Ni Schottky layer is established the external circuit is complete, and a
current flows driven by the IV bias, this is displayed by the pico-ammeter and signals
the correct position of the top contact probe; further lower will result in the
undesirable penetration to the SiC substrate. Once an electrical connection has been
achieved [-V data is recorded prior to installation within the NSOM, using the
described configuration of meters in order to establish the Schottky barrier height and

ideality factor ofthe junction.

6.4.5 Near-field photocurrent imaging of Schottky diodes
Near-field photocurrent imaging is performed using the experimental configuration

represented in Figure 6.7.
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Figure 6.7 Schematic of the experimental configuration for the near-field
photocurrent imaging of Schottky diodes.
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The detection scheme has been described in detail previously. The NSOM probe and
electrical contact probe are approached to the same Schottky dot oriented such that
the tuning fork is on the opposite side of the NSOM probe to the contact probe, thus
preventing interference of the large tuning fork with the equally large flexible contact
probe mount. Note, it is also possible to perform collection NSOM with the sample
mounted in the sample holder as the top contact probe does not interfere with the

optical path of the reflection objective lens.

6.5 Cross-sectional NSOM analysis of laser diodes

The NSOM was utilised in the study of two specific laser structures, planar single
quantum well lasers incorporating multi-quantum barrier reflectors, and buried
heterostructure multi-quantum well lasers. The following configurations and
procedures apply to both. In order to probe the device characteristics of laser diodes it
is necessary to approach the NSOM probe in the cross-sectional orientation, i.e. in a
perpendicular orientation directly onto the edge of the semiconductor wafer, this must
be performed with the p and n-type electrodes in electrical contact with external

devices.

6.5.1 Sample cleaving

The most important step in the successful imaging of laser devices is the cleaving of
the sample, the semiconductor lasers examined develop a surface oxide in air which
can grow to be tens of nanometers thick and have a detrimental effect on NSOM
imaging techniques. The evanescent field at the NSOM aperture decays exponentially
away from the aperture surface within approximately one aperture diameter
length'™'®, therefore the presence of an intermediate oxide layer between the probe
and sample will greatly reduce the intensity of the optical interaction between the
aperture and the optically active surface of the sample. The reduction in optical
intensity is highly undesirable considering NSOM imaging mechanisms rely on the
detection of signals already at tiny magnitudes, also the surface oxide scatters the
localised near-field optical source causing a spreading in the achieved resolution.
Therefore it is essential to cleave a fresh sample surface immediately prior to imaging

in order to reduce the impact of surface oxides.
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Cleaving is performed by scoring the sample using a blade and straight edge (within a
fume cupboard) and applying pressure to one end of the score mark. Ideally the
sample breaks in a clean fashion exposing a perfectly flat clean surface to examine,
however in reality this occurred for approximately 40% of cleaves. The problem with
cleaving lies in the metal contact layers deposited on the samples surface which do
shear in a clean fashion and can affect the uniformity of the cleave at the edge of the
semiconductor wafer. Unfortunately the active region of interest of all the laser
samples is located within microns of the metal contact layer. The only method of
detecting if the required layers cleaved perfectly intact is to actually perform the near-
field imaging experiments, which are time consuming to setup and perform, therefore
the success determining step in the whole procedure is the most uncontrollable. When
a good sample cleave is achieved freshly exposing a perfectly flat surface, the next
step is to clamp the sample making good electrical contacts to the external electrodes

of the sample device, ready for installation in the NSOM scanner.

6.5.2 Laser diode sample holder

The imaging of semiconductor diode lasers is performed by approaching the probe
onto a freshly cleaved side edge from directly above. However clamping and making
electrical contacts to diode lasers is inherently difficult due to the fragile nature of the
wafers, which have a tendency to shear on the application of any localised force.
Therefore the clamping surfaces have to be parallel, and are maintained so by the
translation of the contact block on two tightly fitting translation rails. The sample is
delicately clamped in the vice-like mechanism of the sample holder as in Figure 6.8,
making electrical contact with the p and n contact layers. Gold leaf is used for the
contact pads, due to its soft malleable nature, making it ideal for forming good

electrical contacts with fragile samples, and can be seen in Figure 6.9.

The sample wafer is positioned between the two gold pads which are then slowly
approached using the translation control screw. The contact is delicately approached
until a tiny resistive force is experienced, immediately this is the contact point, any

further approach typically results in sample fracture.
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Figure 6.8 (a) side view, and (b) top view, of the sample holder used in the cross-
sectional imaging of semiconductor diode lasers. The footprint area is (25mm):.

The sample holder was designed to be as thin as possible, in order to fit within the
NSOM system, while providing a large enough surface area to make contact to the
sample wafer, and importantly electrical contact as close to the top cleaved edge as
possible. The main block of the holder is insulating, thus isolating the gold contact
pads from each other, and the sample from the NSOM scanner stage upon which it is
mounted. Electrical contact leads are fed from the gold pads to the edges of the
holder for connection to the external amplifier through the narrow gap (clOmm)
between the NSOM scanner stage and tuning fork head. The electrical contact wire
between the translating contact block and the anchor point for external electrical
contact is made by very thin flexible insulated wire, which is slightly excessive in
length and bent to ensure minimal resistance to the translation of the contact block

that could result in asymmetric approach.
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Figure 6.9 Photograph of the laser diode sample holder.

The sample holder is fixed to the NSOM scanner stage using highly adhesive thin
double sided tape, and thin flexible insulated connection wires are passed between the
NSOM tuning fork head and scanner stage to either a power source or external

amplifiers, for collection NSOM or photocurrent imaging.

6.5.3 Cross-sectional collection imaging

Collection NSOM is performed upon an operating laser diode as displayed in the
schematic configuration of Figure 6.10. The NSOM probe is approached and scanned
by shear-force feedback as previously described, allowing the simultaneous
measurement of the surface topographical profile. The external electrical connections
of the sample holder (Figure 6.8) are connected to a power source, and the laser is
biased in the forward direction. Light evolving from the sample is locally collected
by the NSOM aperture and propagates up the probe and fibre tail, the loose end of

which is clamped horizontally for focussing onto the detector.

An avalanche photo diode, APD, detector is employed to measure the very low
optical intensities collected, which itself has a very small aperture approximately
Imm in diameter. Therefore, precise focussing of the collected light from the fibre
tail onto the APD aperture is required; this is performed using two focussing lenses,
the second of which is mounted upon micro-adjustable translators for final alignment

onto the APD. The APD is a highly sensitive detector and the intensities measured
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are typically very low, requiring 10ms or more APD integration time. Therefore, to
increase the signal to noise of the measurement the optical focussing path ofthe APD
is enclosed, restricting the incident light on the detector to the desired signal. Imaging
is performed within a light-tight enclosure, however light emitted from the powered
sample radiates within the enclosure producing background noise that is eliminated by

enclosing the optical path.

Tuning fork /

N b
probe ) Enclosed optical Translational
Focussing pathway focussing lens
lens
Avalanche
photo diode
APD
NSOM
Power ECU
NSOM source
CPU
scanner

Shear-force topographic signal

Figure 6.10 Collection mode NSOM performed in the cross-sectional orientation on an
operating laser diode. The schematic displays the key elements of the configuration
including the enclosed optical path focussing the probe fibre tail onto the APD detector.

The precise focussing of the collection signal onto the APD element is very difficult
as the optical intensity is obviously too low to be detected by eye. Crude alignment is
performed by replacing the probe fibre tail by a standard fibre optic with an attenuated
laser focussed at its other end; the optical signal can then be visually aligned upon the
APD aperture. Final optimisation is performed with the NSOM probe in feedback
over the active sample and the laboratory in total darkness. The optical signal is then
delicately fine-tuned onto the operating APD (using a very short integration time)

prior to imaging.

During imaging the NSOM probe is scanned in the usual manner however the rate is
now determined by the integration time setting of the APD, which applies to each
pixel of the image. The sample laser can be driven at any power however there is a

maximum at which the shear-force feedback condition maintaining the probe-sample
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separation becomes unstable and the probe tends to retract. This is a consequence of
the sample heating and expending and also thermal modification of the probes

mechanical properties via heating by the intense localised laser output.

6.5.4 Cross-sectional photocurrent imaging

The sample is mounted in the laser sample holder displayed in Figure 6.8, and
mounted directly onto the NSOM scanner stage, again the NSOM probe is oriented
perpendicular to the freshly cleaved sample edge for scanning in the cross-sectional
orientation. The external connection points of the sample holder are connected
directly to the first stage I-to-V amplifier and the equipment is setup using two-stage
amplification lock-in photocurrent sensing, configured as schematically displayed in

Figure 6.11, similarly as in the photocurrent imaging of Schottky diodes.

Optical
Tuning fork / chopper
/  probe
Laser
(488nm / 633nm)
First stage Reference
amplifier signal
i 108 gain) NESSS/I
CPU
Lock-in amp.
NSOM Shear-force topographic signal

scanner

Figure 6.11 Schematic configuration of cross-sectional near-field photocurrent
imaging displaying the primary elements ofthe setup.

Both 633nm and 488nm laser sources are used and modulated by the optical chopper
at a frequency of 169Hz, which was again established as the optimum rate for noise
rejection by considering the period of acquisition per imaging pixel, and fine tuning
by trial and error. The first stage amplifier is set af a gain of 10>§ however the laser

samples displayed a considerably higher photo-response than the Schottky diodes,

thus requiring lower second stage amplification by the lock-in amplifier in order for
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the photocurrent signal to be within the 10V limit for input into the NSOM electronic
control unit, ECU. The high photo-response of the laser samples (when compared to
the low photocurrent activity of the Schottky diode samples) required careful fine
tuning of the voltage offset-null of the Ito V first stage amplifier in order to prevent
saturation of the output, this was not a requirement for the photocurrent imaging of

Schottky diodes.

6.5.5 Tip approach techniques for cross-sectional imaging

Locating the active region of quantum well laser devices can be very difficult as the
active layer is typically of the order 1/im from the cleaved wafer edge. Once the
sample device is cleaved, fixed in the sample holder (Figure 6.8), and mounted on the
NSOM scanner stage, it is connected to the amplification scheme shown in Figure
6.11 for photocurrent detection. The NSOM probe is approached in the cross
sectional orientation to the centre of the sample wafer edge, where the risk of
catastrophic probe damage occurring is minimised. This is a consequence of parallax
in the image viewed via the NSOM CCD camera which is mounted at an angle (~45°)
to the sample surface and probe axis. When the probe is in feedback at the centre of
the sample wafer surface 5/xm line scans are performed perpendicular to the active
layer as shown in Figure 6.12(a) and the probe is translated in small steps towards the

active edge.

NSOM
probe

Figure 6.12 (a) Approaching the active edge of laser diodes from the wafer interior using
photocurrent imaging, and (b) approaching the short ~1500nm active region of buried
heterostructure multi-quantum well lasers using the CCD camera for crude positioning then
photocurrent detection for final locating of the active region.
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The system is setup for photocurrent detection, and the photocurrent response is
monitored as the probe is translated, and thus the active layer is identified and located
using its strong photocurrent signal. This photocurrent location method is also used
when setting up to perform collection imaging. Locating the active region of buried
heterostructure multi-quantum well lasers is achieved via the same technique however
it is slightly more difficult to perform on such a device due to the 1.5um length of the
active region. The NSOM tip is approached by aligning the probe centrally with the
notch profile at the wafer edge, as shown in Figure 6.12(b), the active region is
located at the centre of the notch positioned a few microns from the p-type contact
edge. As the probe is translated in steps towards the active region the photocurrent
signal is monitored, a high photocurrent is observed when over the active region.
Fortunately the pn-junctions adjacent to the highly confined active region also exhibit
a high photocurrent signal which enables identification of the lateral plane containing
the active region. Line scans are then performed along the length of the pn-boundary
and the active region identified by its larger photocurrent response and offset position

with respect to the adjacent pn-junctions.

When the active region has been located, photocurrent imaging can be performed
immediately, or the NSOM is configured for collection imaging. This is performed
with the NSOM probe in position at the active region, but retracted out of shear-force
feedback with the sample surface using the scanner piezo, thus preventing any
possible contact between the tip and sample when manipulating the sample holder
flying connections, but allowing the probe to be directly re-approached to the active
region. The short, flexible flying connections from the sample holder are then
disconnected from the first stage amplifier and re-soldered to a power source

immediately at their exit from the NSOM scanner.

6.6 Scanning artefacts in NSOM imaging techniques

It is well known that the images generated by the various optical imaging mechanisms
of NSOM are susceptible to influence from the surface topography, and thus can
represent a convolution of the sample’s optical and topographic properties. As has
become customary for any NSOM investigation, the credibility of images of near-
field optical origin must be evaluated and the susceptibility to topographic

contamination assessed.
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Near-field microscopes typically operate in constant-gap mode to scan the near-field
aperture along the sample surface at a very small separation. As already indicated,
this is performed using shear-force detection for the instruments utilised within this
work. The regulation of the probe-sample separation during imaging leads to motion
of the probe normal to the sample surface (z-motion) which often induces undesired
cross-talk in the near-field optical image, known as topographic artefacts. The z-
motion artefact induces features in the optically generated image that are highly
correlated with the structures in the topographic image. Thus the presence of this
artefact is not obvious as the sample topography is part of its optical structure, i.e. the
topographic structure is expected to be visible in the near-field optical microscope

similarly as it is in a conventional microscope.

A near-field optical image strongly showing topographic features can be a genuine
near-field image, display only purely z-motion artefacts, or comprise a superposition
of both'®. Without any prior knowledge of a sample it can be very difficult to
interpret a NSOM image and distinguish true optical information from topographic
influence®. For example, a sample with a topographic elevation can produce the
same image as a sample where the elevation is replaced by a buried region with a

higher refractive index.

The super-resolution capability of NSOM is achieved by the optical confinement of
the sub-wavelength aperture, allowing features of the order of the aperture radius to
be resolved®!. Therefore, lateral resolution is increased by decreasing the dimensions
of the circular aperture, increasing the lateral field confinement. However, the higher
the field confinement, the faster it decays perpendicularly away from the aperture,
thus the probe-sample coupling is increased and the NSOM probe must be scanned in
closer proximity to the sample surface. High resolution NSOM images are therefore
strongly influenced by topographical variations of the sample as an unwanted
consequence of the enhanced probe-sample coupling. Novotny et al’® demonstrated
theoretically that the sensitivity of the optical field to z-motion artefacts is inversely

proportional to the field confinement, i.e. the aperture diameter.

The occurrence of a strong z-motion artefact is typically signified by a one-to-one

correspondence between optical and topographic images, and is characterised by
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features in the optical image correlating very closely in terms of resolution with the
same feature in the topography. The two simultaneous images are generated by
different interaction and detection mechanisms and thus it is very unlikely that both
will exhibit identical resolution. Also the near-field optical and shear-force
interaction sites of aperture probes do not usually coincide, resulting in a physical

translation in the correlation of images as demonstrated in the schematic Figure 6.13.

z/
NFO a
Topography
/N Near-field
/\ optical
> x

Figure 6.13 Resultant near-field optical (reflection-mode) and topographic
contours plotted as the NSOM probe scans across a surface feature.

The near-field optical imaging process is dependent upon the near-field circular
aperture dimensions, and its geometric centre. Whereas the shear-force distance
regulation and imaging mechanism interacts with the sample at the site of the furthest
protrusion of the tip apex, this is usually the grain of aluminium in the metal film
surrounding the aperture that protrudes furthest. The topographic contour plotted by
the shear-force imaging mechanism is therefore a convolution of the sample surface

and NSOM probe geometry'’.

The origins of topographic imaging artefacts have been discussed however the
probability of their occurrence is highly dependent upon the sample being imaged.
Artefacts are a consequence of the z-motion of the NSOM probe during the scanning
operation and thus are an inherent problem when imaging rough samples exhibiting
fine structure. Conversely the influence of topographic imaging artefacts when

analysing highly flat samples is negligible.
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The presence of topographic imaging artefacts is illustrated in Figure 6.14 using the
example of reflection NSOM imaging of a Ni-SiC surface. The surface is very rough
exhibiting a maximum height variation of 90nm, and a rapidly varying surface
topography. Imaging has been performed using un-optimised shear-force and/or scan
parameters, thus the force detection mechanism is struggling to maintain a constant
tip-sample separation during the scan procedure. This is typical when imaging rough

%22 As the probe is

surfaces and often signifies an excessively high scan speed
scanned across regions of rapidly varying topography, the probe-sample distance
regulation mechanism cannot maintain the prescribed gap-width fast enough, resulting

in variation in the probe-sample coupling and thus the presence of an imaging artefact

in the optical response, as marked with white arrows in Figure 6.14.

(@) (b)

Figure 6.14 (8.5/xmp (a) topography (90.0nm maximum height), and (b) reflection NSOM
images (PMT voltage intensity). Images are collected using un-optimised shear-force and scan
parameters, thus the probe struggles to accurately scan the surface, resulting in artefacts as
marked with white arrows.

The lateral boundary of a Ni-SiC contact is similarly imaged using reflection-mode
NSOM in Figure 6.15, however here the imaging parameters are suitable (i.e. slower
scan speed and stable feedback parameters) for such a sample surface and topographic
imaging artefacts are not evident in the reflection NSOM image. The surface
topography is due to the presence of Ni, therefore is evident in the reflection NSOM
image as a consequence of the refractive index difference of Ni and SiC. However,

the two images do not display a one-to-one correspondence and the reflection NSOM
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image particularly displays a far superior lateral resolution over the simultaneous

topographic image. Such features characterise a true near-field optical response.

(a) (b)

Figure 6.15 (15/xm)2 (a) topography (114.0nm maximum height), and (b) reflection NSOM images
(PMT voltage intensity), recorded at the Ni-SiC contact boundary. Topographic imaging artefacts
are not evident in the reflection NSOM image, which displays superior resolution to simultaneous

topography.

6.7 Imaging artefacts in photocurrent NSOM

The risk of topographic imaging artefacts applies to all near-field optical imaging
mechanisms, including near-field photocurrent imaging. As previously mentioned
this is only a concern when imaging samples with rough surfaces, and is thus not
applicable to cross-sectional imaging of freshly cleaved flat laser structures. Near-
field photocurrent imaging of buried Ni-SiC Schottky interfaces is however highly
sensitive to the surface topography?2l, which must be considered carefully in analysing
such images. As the NSOM tip is scanned across the sample surface it follows the
surface contours of the Ni top contact layer, not the very flat SiC substrate buried
beneath. If the Ni contact layer is not similarly flat, then as the tip-sample gap is
maintained constant, the tip-interface gap will fluctuate with the Ni layer thickness.
The optical field of the NSOM aperture decays exponentially, thus the optical
intensity impinging on the photosensitive Ni-SiC interface also varies as the Ni layer
thickness. Therefore the near-field photocurrent image of a buried Schottky interface
is highly sensitive to the sample surface and will always represent a convolution of
the Ni layer thickness (surface topography) and the Schottky interface properties.
When imaging such a sample the topographic component cannot be ignored, however

it may be minimised with careful selection of scan parameters or by imaging through
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highly flat and uniform, thin metal top contact layers. This results in a near-field
photocurrent image with the contrast optimised for sensitivity towards the interface

properties.

6.8 Summary

This chapter has addressed the key features of the experimental techniques employed
in the various near-field imaging experiments used within this study. The general
features and geometry of the NSOM microscopes utilised in this study are first
described, prior to the development and implementation of the near-field photocurrent
imaging capability. The detection of photocurrents is implemented using a two stage
amplification/detection scheme consisting of a first stage I-V amplifier (10°® gain) and
second stage lock-in amplifier. The development and implementation of the femto-
amp sensitive detection scheme is addressed fully, reflecting its successful
implementation as a key milestone in the development of this study. The chapter then
focuses on the experimental setups employed in the imaging experiments performed
upon the Schottky diode, multi-quantum barrier QW laser, and buried heterostructure
laser diode, samples. Particular focus is given to the experimental procedures key to
the success of this analysis.  Finally the near-field imaging problem of
topographically induced imaging artefacts is addressed, including its origins, nature,
and highlighting situations susceptible to such artefacts. Note, within this work
topographic imaging artefacts are only a concern in the case of near-field imaging of
Schottky diodes, however samples were designed and prepared to minimise the
susceptibility to artefacts, and steps were taken to similarly reduce such a risk via scan

parameters.
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Chapter 7
Results: Ni-SiC Schottky diodes

7.1 Introduction

Schottky junctions are conventionally characterised using the macroscopic I-V
technique which measures the average barrier properties of the entire diode'.
Electrical analysis derives an average barrier height, ¢, for the entire Schottky
junction, the quality of which is described by the corresponding ideality factor, #,
which is unity for an ideal diode, and greater than unity for deviations from ideality.
Variations in the Schottky barrier height across the diode interface represent
deviations from ideality, thus the more varied the barrier energy across the interface,

the greater the value of n.

Near-field photocurrent imaging reveals the lateral distribution of Schottky interface
properties at the sub-micron scale. Therefore it is possible to measure the distribution
and extent of the local fluctuations in the barrier height that combine to give a

Schottky contact its overall properties.

Nickel-silicon carbide Schottky diodes were investigated simultaneously with the
development of the near-field photocurrent imaging capability. Consequently the
control of the Ni-SiC Schottky top contact deposition, and the Ni thickness formed the
primary focus in sample preparation. This proved critical to the success of
photocurrent imaging using the high lateral resolution and low intensity regime of the

near-field optical geometry.

The ideal scenario for the photocurrent analysis of buried interfaces is to scan the
near-field probe over a highly flat surface, optically probing the buried interface
through a thin uniform metal layer. As discussed in chapters 5 and 6, the flat surface
eliminates the possibility of topographically induced.artefacts in optically derived
images which are caused by variations in tip-sample separation that can occur when
following the fluctuating contours of a rough surface. A highly flat surface also
indicates an extremely uniform Ni layer thickness, which in turn indicates lateral

uniformity in the optical transmission to the buried interface. Thus the risk of
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imaging artefacts is minimised, and the photocurrent contrast is optimised to sense
fluctuations in interface properties, i.e. lateral variations in Schottky barrier
characteristics.  Schottky contacts with flat Ni surfaces were manufactured by
different processes and probed using standard I-V analysis and near-field photocurrent

imaging, the findings of which are discussed.

The contrast mechanism in the photocurrent imaging of Schottky interfaces is
dependent on the magnitude of the Schottky barrier and the energy of the probing
excitation source (chapter 5). It is optimised when the probing excitation is very close
in energy to the Schottky barrier height, ¢, which in the ideal situation is tuneable
across an energy range centred at ¢,. Excitation sources of wavelengths 633nm
(1.96eV) and 488nm (2.55¢V) were applied to this investigation, which are both
energetically in excess of the barrier heights measured for as-deposited Ni-SiC
Schottky contacts. Therefore in order to enhance the photocurrent contrast when
imaging at the lower available probing energy 1.96eV (633nm), barrier heights could
be enhanced via sample annealing to reduce the energy difference between the probe
and barrier, and increase the sensitivity of the imaging mechanism to the buried

interface.

7.2 Samples

The wafers were all prepared prior to deposition by ex-situ solvent, piranha, and RCA
cleaning steps which are detailed in Appendix 11.1. Thick (~1um) Ni ohmic back
contacts were all deposited and annealed at 1000°C using the rapid Edwards
evaporation system. The requirements for a thin Ni Schottky top contact layer were
explored via a variety of complex procedures based on the metal-deposition systems
of the Edwards evaporation chamber and UHV deposition system and are described
fully in chapter 6. The results presented within this section are acquired from samples
with top contacts suitable for these measurements. The samples highlighted in this
section focus on the affect of annealing the top contact, and UHV versus Edwards
preparations. Note, each Ni-SiC sample produced possesses on average 20 individual,

600um diameter circular diodes, the I-V data presented is averaged over many diodes.
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Sample type 1. The top contact was deposited via a rapid deposition, using the
Edwards evaporator for a deposition time of 29sec. Shear-force topographic imaging
at the diode edge revealed the Ni layer thickness to be 30-40nm. I-V analysis
measured the Schottky barrier height to be fa = 1.425e¢V with an ideality factor n =
1.557.

Sample type 1 was subsequently annealed at 500°C for 600sec in order to increase the
Schottky barrier energy, the mechanisms are discussed later within this chapter,
section 7.7. The barrier was found to have increased by 0.155eV to fa = 1.58eV and n

= l.s6. The I-V characteristics of sample type 1 are presented in Figure 7.1.
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Figure 7.1 I-V characteristics for sample 1, (a) displays the full 1-v characteristic typical
of the diodes on sample 1 immediately after fabrication, the inset (b) displays the forward
bias switch-on characteristics before and after sample annealing.

Sample type 2\ The top contact was again deposited in the Edwards evaporator,
however at a much slower and more controlled rate for a deposition time of 510sec.
Shear-force microscopy measured the typical Ni layer thickness to be 20-40nm. The
Schottky barrier height was determined to be fa = 1.657e¢V with an ideality factor of n

= 1.252.
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Sample type 3: The top contact was deposited using the UHV evaporation system
which deposited Ni at a slower rate and via a highly controlled evaporation process.
Ni was deposited at a rate of 1A in 7sec for 1380 sec, producing a 20nm layer
thickness, according to the system calibration. The Ni Schottky dots produced via this
method possessed diffuse non-abrupt edges, as a consequence of deposition through a
mask, and it was thus impossible to fully evaluate the Ni layer thickness using shear-
force imaging. The Schottky barrier height was measured at ¢, = 1.60eV with an
ideality factor n = 1.534,

Samplel Samplel Sample2 Sample3
(annealed)
& (eV) (£ 0.05eV) 1.425 1.580 1.657 1.600
n x0.1) 1.557 1.860 1.252 1.534

Table 7.1 Summary of the average barrier heights ¢, and ideality factors n evaluated from the I-
V characteristics of the Schottky diode samples, including the experimental standard errors.

Sample types 2 and 3 produced highly rectifying I-V characteristics similar to that
demonstrated in Figure 7.1 for sample 1, the barrier energies and ideality factors
evaluated for all samples are summarised in Table 7.1. The barrier height ¢,, and
ideality factor n, values quoted are average values for multiple (8-12) functioning
devices produced by the same deposition on the same SiC wafer. Differences in
electronic properties between samples are discussed later with respect to the different

preparation procedures and considering near-field photocurrent findings.

7.3 Top contact thickness and the imaging of buried interfaces

The buried Ni-SiC Schottky interface is probed using near-field photocurrent imaging
by illuminating through the Ni top contact, this must also physically be contacted by
electrical connections in order to detect the photo-excited current. If the Ni top
contact is too thick the nanoscopic illumination of the near-field probe will be
scattered and attenuated prior to interaction at the photo-sensitive interface, too thin
and the electrical contact probe will penetrate through to the SiC substrate preventing
photocurrent detection. Thus the critical Ni top contact thickness is a compromise of

these two factors.
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Near-field imaging increases lateral resolution by utilising a sub-wavelength aperture,
the resulting optical intensities are very low (order ~nW at aperture) and this is
extremely apparent in the imaging of buried interfaces which is only feasible through
suitably thin Ni layers, and only then using a modulated excitation source and a two
stage photocurrent amplification/detection scheme (chapter 6). The success of near-
field induced photocurrent imaging at buried interfaces is entirely dependent upon the
transmission of a sufficient intensity of the probing illumination source to the
optically responsive interface region where a photocurrent is generated. This is
determined by the skin effect of the metallic top contact layer which describes the
rapid attenuation of electromagnetic fields with depth inside a good conductor. The
skin depth, 0, is dependent on the type of metal in the conductor and the frequency of
the applied field, it defines the point at which the field is reduced by a factor of 1/e,
and is given by

s=__F (7.1)

\2mowu

where 0 is the metal conductivity, u is its magnetic permeability, w = 27f where f'is
the frequency of the electromagnetic field, and c is the speed of light. The skin depth
of Ni for both the 633nm and 488nm wavelength fields used for photocurrent imaging
here is evaluated to be approximately 10nm. The penetrating field is generally
completely attenuated within 5x§, the actual value is 5/e of the original intensity
which is 0.674%. Therefore the 633nm and 488nm probing fields used for near-field
photocurrent imaging are attenuated at a depth of approximately SOnm of Ni, thus the
Ni top contact layers of the previously described samples are suitably within this

limit.

7.4 Near-field photocurrent imaging of buried interfaces

Near-field photocurrent imaging was successfully performed® using both 633nm and
488nm excitation wavelengths, that are greater in energy than the average Schottky
barrier height, ¢,, of all three samples. The excitation source was modulated at a
frequency of 69Hz which provided a balance between sufficient noise elimination, by
the lock-in amplifier (LIA), whilst transmitting a great enough optical intensity to the
near-field aperture for photocurrent stimulation and detection. The photocurrent

intensity was plotted by the NSOM electronic control unit (ECU) at each pixel
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(typically 300-500 pixels per line) to generate a map of lateral variations in the
properties of the buried interface, i.e. local fluctuations in the Schottky barrier
characteristics. A stable and reproducible photocurrent signal required a slow scan
rate, typically up to 60sec per line, thus for a 300 pixel image, acquisition times can
be up to 5 hours, therefore stability of the photocurrent generation/detection

mechanism with time is essential to the imaging process.

(arb. Units)

27.62nm
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0 1000 2000nm

Figure 7.2 Simultaneously acquired 2pim long (a) photocurrent, and (b) topography linescans. The line
is imaged three times consecutively and the profiles overlaid to reference reproducibility. The image
was acquired from sample 2 using the 633nm excitation source at OV applied bias.

This was achieved for the described parameters as demonstrated by the three
consecutively acquired and overlaid linescans displayed in Figure 7.2 for sample type
2, which exhibit accurate reproducibility. The photocurrent linescans are represented
as an arbitrary current scale due to dependence of the lock-in amplifier voltage output,
the pre-amp, and intensity throughput of the near-field aperture stimulating the
photocurrent. The photocurrent cross-sections displayed in Figure 7.2(a) are
expanded to maximise the plot area, thus the minimum photocurrent level displayed is
not a zero level. There are similarities between the photocurrent and topographic
linescans which may suggest that the photocurrent signal is a function of the surface
topography3, i.e. directly influenced by topographically induced scanning artefacts4.
The topographic image reveals variations in the Ni layer thickness, as the buried
substrate is atomically flat, which implies variations in the transmission ofthe probing
light to the photo-active interface. However if this was the only mechanism at work
the photocurrent would be low at locations of high topography, and high at locations
of low topography where optical transmission is maximised. The latter can be seen at
location 1, marked clearly in Figure 7.2. The simultanecous imaging modes
represented in Figure 7.2 indicate that this clearly is not always the case as although

there does appear to be some topographic influence in the photocurrent signal
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(location 2) there are locations where the photocurrent varies independently of the
topography (location 3). This indicates that the photocurrent imaging mechanism can
function independently of surface structure and exhibits sensitivity to the buried

interface.

The example illustrated in Figure 7.2 is acquired from sample 2 after some
considerable surface oxidisation has occurred, the sample therefore exhibits
considerable surface roughness as indicated by the maximum height scale of 27.62nm,
and thus surface oxides upon the Ni layer are approximately 15-20nm thick.
Fluctuations in Ni thickness of this order would have an appreciable impact on optical
transmission to the Ni-SiC interface. The fact that the photocurrent signal fluctuates
almost independently of topography for such a rough surface morphology is indicative
of the sensitivity of the photocurrent imaging mechanism to probe the buried Schottky
interface. Note that variations in surface morphology are not necessarily independent
of the buried Ni-SiC interface and may actually be seeded by aggregations in the
chemical stoichiometry of the interface’, which could give rise to features where the
topography and photocurrent are both high such as location 2 in Figure 7.2. However,
clearly the ideal scenario for the near-field photocurrent analysis of buried interfaces
is for a highly uniform Ni top contact layer with an extremely flat surface, thus
eliminating any possible topographic influence on optically derived data from a
varying thickness of Ni between the sample surface and buried interface.
Consequently the risk of topographic imaging artefacts (sections 6.7 and 6.8) from
variations in probe-sample (surface) separation, resulting from an un-optimised shear-
force feedback loop straining to follow a rapidly varying surface and/or inappropriate

scan parameters®, is also greatly reduced or eliminated entirely.

The sensitivity of near-field photocurrent imaging to the buried Schottky interface and
the intimate relationship of the photocurrent and surface structure are further
illustrated in Figure 7.3. The images are simultaneously acquired from sample 1,
produced by rapid Edwards deposition, using the 633nm excitation source and a -1V
applied bias to produce the photocurrent. The image was acquired soon after sample
fabrication, allowing minimal time for surface oxide growth, and thus the Ni surface

is predominantly flat. The topographic image (a) clearly shows high points marked
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by white arrows that are believed to be a left over residue, from solvent rinsing of the

sample, deposited upon the Ni surface.

(a) (b)

Figure 7.3 (5.25/zm)2 (a) topography image with maximum height 8.32nm, and (b)
photocurrent image acquired using 633nm excitation and -1V applied bias for sample 1 (pre-
annealing). Black arrows label sites of raised topography and high photocurrent intensity;
white arrows label surface residues that cause a minimum in photocurrent intensity.

The corresponding photocurrent signal for such features is very low and follows the
contours of the residues. This is a consequence of the attenuation of the excitation
field of the near-field probe by the residue, thus preventing optical transmission to the
interface for photocurrent generation to occur. The lack of photocurrent stimulation
beneath such residues indicates the successful implementation of photocurrent
imaging and supports the theoretical basis of current stimulation at the buried
interface. The residues were later removed by further solvent rinsing and careful
drying under a flow of nitrogen, confirming the above features as an external

contaminant and not part ofthe Ni layer surface morphology.

In contrast to the absence of photocurrent beneath the residues, the locations marked
with black arrows in Figure 7.3 correspond to sites of raised Ni surface topography
which exhibit a greatly increased photocurrent intensity. The surface topography at
these locations could be raised as a consequence of phenomenon occurring at the
interface, buried by the Ni top contact layer, such as structural or point defects, or

possibly the presence of impurities, which result in the formation of gap-states
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allowing a large photocurrent to flow'’. Similar results are observed by J. Almeida et
al’’ when investigating the buried Pt-GaP Schottky interface, and were attributed to
the presence of a local segregation of metallic gallium, revealed by photoemission
electron microscopy measurements, which results in a localised difference in barrier
height causing enhancement in the photocurrent contrast. In a similar chemical
process, the transformation of a Ni-SiC interface from Schottky to ohmic nature,
when annealed, is characterised by the formation of Ni,Si at the interface leaving C
which segregates into graphite regions often localised at voids formed at the
interface®. The formation of Ni,Si and C segregation is also reported at Schottky
interfaces by Roccaforte et al’ and is possibly occurring in sample 1 inducing local
minima in Schottky barrier height and consequently local enhancement in

photocurrent transmission across the barrier.

7.5 Imaging the depletion region at the lateral contact boundary

Photocurrents at Schottky interfaces originate from the photo-excitation of electrons
within the metal by an external source, which these cases are 633nm (1.96eV) and
488nm (2.55eV), the photo-excited electrons are subsequently transported across the
Ni-SiC interface by the built-in field of the junction. The excitation sources are
energetically lower than the band-gap energy of the SiC substrate (3.2eV), therefore
photo-stimulation of current should be confined to the Ni region of the Schottky
interface for a perfect semiconductor. However real semiconductors and in particular
metal-semiconductor junctions, posses electron states that reside within the
semiconductor band-gap at the interface region, these include metal-induced gap
states and defect levels (refer to chapter 3). Photo-excitation from such intermediate
energy levels by a sub band-gap energy source can result in excitation of electrons
into the conduction band, and the subsequent propagation of a photocurrent by the
built-in field of the depletion region. Therefore photocurrent imaging can detect the
extent of the semiconductor depletion region, dsic, as determined by Poisson’s

equation,
1/2
dsic = (MJ (1.2)

where ¢, is the Schottky barrier height, &, is the dielectric constant of SiC, g is the

electronic charge, and Ny is the doping concentration of the n-type SiC. For sample
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type 1that exhibited an average barrier height of 1.425eV (from I-V measurements), a

depletion width of approximately 390nm is evaluated.

b
6 :
. Snm
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Figure 7.4 Simultaneous photocurrent and topography cross-sections of the Ni Schottky
contact edge acquired for sample type 1 using the 633nm excitation source and OV applied
bias.

Simultaneously acquired topography and photocurrent cross-sections measured at the
lateral boundary of a Ni contact of sample type 1 are displayed in Figure 7.4. The
topography profile indicates that the Ni contact is reasonably abrupt at its edge, and
reaches a maximum thickness of approximately 25nm (note, the contact edges were
often very diffuse due to the fabrication process of evaporation through a mask). The
photocurrent profile of Figure 7.4 is seen to plateau at a zero level (i.e. LIA did not
detect a photocurrent) away from the Ni contact when the probe is scanned over the
bare SiC substrate. The dashed vertical line denotes the approximate contact
boundary, and the photocurrent is seen to switch on very rapidly into the Ni contact
region. The rapid switch on ofthe photocurrent when the 50nm near-field aperture is
located over the contact is more accurate than the shear-force mechanism in detecting
the contact boundary at a diffuse edge. When scanning the near-field probe from the
SiC onto the Ni contact region the photocurrent is seen to go from zero to maximum
within distances of the order 500nm. Given that the NSOM aperture diameter is
typically 50-100nm this indicates that the photocurrent transition from zero to
maximum level occurs within 300-400nm. These observations correlate very closely

with the depletion width of approximately 390nm evaluated using Poisson’s equation.
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Therefore the near-field photocurrent imaging mechanism has proved sensitive to the

Schottky interface depletion region, and accurately determined its lateral extent.

This is an extremely useful application of near-field photocurrent imaging at a fixed
wavelength (i.e. fixed excitation energy) as the depletion width of the semiconductor
at a Schottky interface is directly proportional to the square root of the Schottky
barrier height. Therefore the ability to measure the semiconductor depletion width
also facilitates the measurement of the Schottky barrier magnitude, and any lateral

variation it may posses at a contact boundary.

7.6 Photocurrent imaging of buried interfaces through flat surfaces
As discussed, the near-field photocurrent imaging mechanism is optimised towards
interface properties when imaging through uniform Ni layers with very flat surfaces,

and this formed the primary concern of the fabrication processes considered.

The simultaneous topography and photocurrent images of Figure 7.5 are recorded
from sample 2, where the Ni over layer was produced by a slower Edwards
deposition. The photocurrent image is generated using the 633nm excitation source
and OV applied bias. The topography image (a) indicates the Ni surface is extremely
flat, exhibiting a maximum height of 1.22nm, this is a result of the sample being
recently removed from vacuum thus allowing a minimal time for oxide growth, which
leads to surface roughening. The sample is therefore optimised for the photocurrent
investigation of the buried interface, and this is reflected in the photocurrent image
(b). Upon close inspection the photocurrent image displays small fluctuations in the
photocurrent intensity over a scale of approximately 100nm, which is independent of
the surface morphology, for example the bright feature (high photocurrent intensity)
at location 1 does not correspond to variation in the surface topography, similarly as
does the dark feature (low photocurrent intensity) at location 2. The Schottky
interface on average therefore possesses uniform properties, which is implied by the
low ideality factor (n = 1.252 + 0.1) as displayed in Table 7.1. The ideality factor
describes the average device characteristics, whereas the near-field photocurrent
image (Figure 7.5(b)) reveals the fine structure in barrier properties which may be due
to small variations in the precise chemical stoichiometry of the junction region across

the lateral area of the interface, or a function of the distribution of SiC surface states'®.
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(a) (b)

Figure 7.5 (2.92”m)2(a) Topography with maximum height 1.22nm, and (b) photocurrent
images acquired for sample 2 using the 633nm excitation source and OV applied bias.

The photocurrent contrast is optimised for the interface in this image as there are no
topographic surface features to contaminate the photo-generated image, as exhibited
in Figure 7.3 with its large residues upon the flat Ni surface of sample type 1.
Although both sets of contacts were deposited in the Edwards HV deposition system,
the diodes of sample type 2 were manufactured in a more precise and controlled
manner, by a slower deposition rate than those of sample type 1. This is reflected in
the corresponding photocurrent responses which are notably different, neglecting the
residues present upon sample type 1 (Figure 7.3). As described, sample type 2
displays a highly uniform photocurrent response with short range fine structure,
whereas sample type 1 exhibited localised sites of high photocurrent greater than
200nm in diameter, and this is reflected in the poorer ideality factors, n, of diodes

sample type 1, measured by I-V measurements.

Sample type 3 was similarly imaged immediately after fabrication and removal from
the UHV deposition system, but exhibited very different characteristics from those
described for sample type 2, produced via a slow Edwards deposition. The
topography image of Figure 7.6(a) has a maximum height variation of 7.93nm, which
is considerably greater than the previous Edwards prepared sample that exhibited a
maximum topographic variation of 1.22nm. The photocurrent image (b) was again
generated using the 633nm excitation source and OV applied bias. The surface

displays two sizes of features in the topographic image, large features (denoted by
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dashed circles) between 60-100nm in width and up to 7nm in height, and small
features (black arrows) up to 35nm wide and approximately 4nm high. Note that the
features in this image are variations in the Ni surface and not external contaminants
residing upon the Ni layer surface (such as the residues seen on sample type 1 in

Figure 7.3).

Figure 7.6 (500nm)~ (a) Topography with maximum height 7.93nm, and (b) photocurrent
images acquired for sample 3 using the 633nm excitation source and OV applied bias.

The two sizes of surface features exhibit very different responses to light even though
similar in height, which is seen in the photocurrent image (b) and implies differing
characteristics and origins. The large features (dashed circles) are unresponsive to
light and do not provide any enhancement to the photocurrent, which appears to
fluctuate independently of the large features, and is of a slightly lower intensity at
such locations. This implies that the large features do not originate from phenomenon
occurring at the interface, i.e. their growth at such locations is not seeded by the
presence of chemical species or dislocations at the SiC surface. The small reduction
in the corresponding photocurrent intensity indicates that the large features are due to
uneven Ni deposition, reducing the optical penetration to the interface at such

locations.

The small features (black arrows) are highly photo-responsive displaying localised
sites of high photocurrent intensity of similar lateral extent as the corresponding
increase in surface topography, i.e. up to 35nm wide. This is very similar to that

previously discussed for sample type 1 (rapid Edwards deposition) as displayed in
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Figure 7.3 for the raised Ni sites. However, the extent of the features on sample type
1 was much greater, exhibiting features over 200nm in width and up to 10nm in
height. Although the features are different sizes on the two samples they display the
same characteristics of very high localised photocurrent intensity with respect to the
average levels seen over both sample surfaces, even though the Ni surface topography
is raised at such locations. This is indicative that the raised surface topography is a
consequence of interface phenomenon, as instead of optical attenuation by the raised
Ni there is localised photocurrent enhancement. This may be due to the location of
structural or point defects in the SiC, or the presence of impurities, which result in the
formation of gap-states providing a lower energy pathway for large photocurrents to
flow'. Alternatively such features may be due to local segregations of species at the
interface i.e. clusters of C or Ni,Si which could result in a lower Schottky barrier at
such a location, thus responding to sufficiently energetic light with an increased

photocurrent™’.

Sample type 3 was manufactured using the UHV deposition system which maximises
the cleanliness of the formed interface as a result of the superior vacuum conditions.
The deposition was performed at a slow and controlled rate similarly as sample type
2, which would infer a similar metal layer growth mechanism. However the
photocurrent characteristics imply interface properties comparable to sample type 1,
which was grown rapidly in the HV Edwards system. The metal layers of sample
types 1 and 3 were thus grown under highly contrasting conditions, indicating that
photocurrent similarities are probably a consequence of SiC wafer quality and

possibly defects, which are renowned problems of SiC based devices®.

7.7 Increasing Schottky barrier height by thermal annealing

In order to enhance the contrast mechanism of the near-field photocurrent imaging
process, the energy difference between the Schottky barrier height, ¢, and lower
excitation source (633nm; 1.96eV), was minimised by increasing ¢. It has previously
been reported that the Schottky barrier magnitude of Ni contacts with 4H-SiC is
enhanced by modifying the interface via a post-deposition anneal at 500°C for a

10,11,12

duration of 600sec Barriers have been reported to experience a maximum

increase of up to 0.25¢V by such a process''. X-ray photoelectron spectroscopy
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(XPS) performed on similar samples revealed a silicide component on the lower
binding energy side of the Si core level peak, and a large graphite peak on the carbon
spectra'', also SiC has previously been seen to react with Ni at 500°C forming the
compound Ni,Si . This results in a peak shift to a lower binding energy and an
increase in Schottky barrier height. Further annealing to higher temperatures of
1000°C has been seen to change the silicide phase formation and reverse the binding
energy peak shift to a higher binding energy, corresponding to a lower barrier height,

resulting in a transition in electrical characteristics from Schottky to ohmic'.

Annealing sample type 1 at 500°C for 600 seconds resulted in a barrier height increase
of 0.155eV, unfortunately the as-deposited barrier height was low at 1.425eV, and
thus the resultant barrier energy was 1.58eV, which was significantly less than the
excitation field (1.96eV; 633nm) by 0.38eV. Although the annealing of sample type 1
was successful in increasing the barrier energy, it was not to such an extent that the
barrier and excitation energies were close enough to provide significant enhancement

to the photocurrent contrast.

However, the annealing process did modify the Ni-SiC interface considerably, which
was mirrored at the surface and provided dramatically different photocurrent
characteristics, as displayed in Figure 7.7. The topographic image (a) shows how the
Ni surface has been altered by the annealing process. The as-deposited Ni surface is
relatively flat, with 8nm maximum topographic variations (as seen beneath the
residues in Figure 7.3). Whereas the post-anneal surface is extremely roughened
displaying Ni clusters of diameters between 150-200nm with maximum vertical
displacement of ~20nm as shown in Figure 7.7(a). The top half of the clusters
appears spherical in shape, with constantly changing surface topographies (i.e. no flat
regions). At the centre of the image is a large impurity which was possibly present
upon the SiC surface prior to Ni deposition, preventing the formation of an intimate
contact beneath. Without a Schottky contact existing under the impurity there can be
no photocurrent generated, alternatively the large impurity could attenuate the probing
optical field completely prior to the underlying interface. A total absence of
photocurrent is seen below the feature at the centre of photocurrent image Figure
7.7(b), which is a very different response to that of the surrounding smaller Ni

clusters.
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(a) (b)

Figure 7.7 Sample 1 after annealing for 600sec at 500°C. (3175.2nm): (a) shear-force
topography of maximum height 19.61nm, and (b) photocurrent image using 488nm excitation
and OV applied bias. Image (¢) displays a (1333.58nm)" photocurrent zoom of the area marked
in (b).

It is immediately apparent that the features seen in the topography (a) are mirrored in
the photocurrent (b). The resolutions are also very similar, with the photocurrent
responding very rapidly across features, switching on/off abruptly at Ni cluster
boundaries, as shown in the zoomed photocurrent image (c). The regions between
clusters display very low photocurrent levels, actually falling to zero between some
clusters, as seen in the cross-sectional Figure 7.8. This may be caused by voids
generated in the thin layer during annealing, and may be locations absent of Ni.
Imaging the same region using the higher energy (2.55¢V; 488nm) excitation source
and a different probe generated an identical photocurrent image, indicating that the
lack of photocurrent between clusters is not due to an increase in the barrier height to
an energy between 1.9¢V and 2.55e¢V. The photocurrent image mirrors closely the
cluster boundaries as in the topographic image, however the response over the clusters

i.e. the cluster interiors, is very different. The topography changes constantly over the
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surface of individual clusters, whilst in contrast the photocurrent remains at a
reasonably uniform level over the entire cluster, once switched on at the cluster
boundary, as displayed in Figure 7.7(b) and (¢) and highlighted by the cross-section of
Figure 7.8. Moreover, although the clusters exhibited a variety of maximum
topographic heights the photocurrent response level on Ni clusters remained uniform
across the entire image area. This indicates that once the NSOM tip is over a
particular Ni cluster the photocurrent response is determined by the interface
properties and is independent of the Ni surface variations. Implying that beneath the
clusters the Ni-SiC interface is highly uniform, displaying uniform barrier properties,
whereas between clusters the Schottky barrier is very different displaying an increase
in magnitude. These observations correlate well with macroscopic [-V measurements
(Table 7.1) that evaluated an ideality factor increase during the annealing process
from 1.557 to 1.860. This indicates that as the average total barrier is increased by
annealing, the uniformity of the barrier decreases, resulting in localised sites of barrier

enhancement, as secen between clusters.

(arb. Units)
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Figure 7.8 Cross-sectional line profiles taken from the image of Figure 7.7(b) displaying, (a) the
photocurrent level which is reasonably constant in magnitude once switched-on at the cluster
boundary, and (b) the corresponding surface topography.

Between clusters the photocurrent response is however very susceptible to
topographic influence. It is probable that the tip-sample separation will vary slightly
as the probe follows the rapidly changing contours at the edge of individual clusters,
passing from one Ni cluster to the next, thus altering the near-field coupling to the
sample surface, in a topographically induced optical image artefact34. Thus the very
low, or absent, photocurrent between clusters could result from a reduction in the

near-field interaction with the sample as the probe-sample separation is increased
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between clusters due to the rapidly changing topography, and the relatively large

diameter probe tip cannot penetrate between closely packed clusters.

The near-field photocurrent image plotted in Figure 7.7 represents a convolution of
both arguments, neither of which can be neglected. The topographic influence of the
rough surface is certainly contributing to the photocurrent signal at the cluster
boundaries; however an increased Schottky barrier height is also exhibited at the
boundaries, which is corroborated by the macroscopic I-V analysis that measured an

increased average barrier height over an increasingly non-uniform interface (larger »).

7.8 Fabrication process dependence

The characteristics of a Schottky junction are a direct consequence of the original
substrate properties, substrate cleanliness, and metal contact deposition procedure.
However, when device preparation procedures are optimised the quality of any device
is ultimately determined by the properties of its substrate, and the drawback of SiC
based devices is that SiC is very difficult to produce with a low defect density (micro-

pipe density ~lcm?)".

The three sample types examined were produced by contrasting deposition
procedures, whilst controlling the wafer (i.e. epilayer doping), and pre-deposition
substrate preparation (i.e. wafer cleaning). All sample preparations resulted in
uniform Ni coverage. Sample type 1 was produced via the crudest method, using the
Edwards high vacuum system to rapidly deposit the Ni contact layer. Sample type 2
was prepared in the same Edwards HV system by a much slower controlled Ni
deposition. Finally sample type 3 was prepared using the most refined procedure of
metal deposition under ultra-high vacuum conditions, using a slow and highly

controlled deposition rate.

Similarities in Schottky contact characteristics may be expected between the two
Edwards HV prepared device sets, or the two sets prepared using a slow and
controlled contact deposition, as a result of common preparation characteristics.
However, the greatest similarity between sample types occurred between types 1 and
3, the rapid Edwards deposition and UHV prepared sample. Both sample types

displayed localised sites of high photocurrent response, which were also correlated
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with a slightly increased Ni surface topography (4-10nm). Sample type 1 displayed
sites of high photocurrent up to 200nm in diameter, whereas sample type 3 had
smaller regions of photocurrent enhancement up to 35nm in diameter. The presence
of such features may be attributed to one of the following, surface defects of the SiC
substrate, interface defects such as voids, Ni;Si or C segregation. The presence of
such phenomena would cause Schottky barrier pinning and provide a localised low
energy pathway for an increased photocurrent to cross the Ni-SiC interface. The
presence of such localised sites of below average Schottky barrier height is reflected
in the corresponding ideality factors as determined by I-V measurements (Table 7.1).
Sample types 1 and 3 both exhibited a reasonably high ideality factor for the as-
deposited Ni-SiC Schottky contacts (n>*™' ¥P¢ = 1,557, n5*™le ¥P¢3= | 534), inferring

a non-uniform Schottky interface as visualised by photocurrent imaging.

Note it is improbable that these features of enhanced photocurrent resulted from the
presence of contaminant species at the interface as they were not present on all three
sample types, which were cleaned via an identical procedure. This is supported by the
occurrence of the features upon the UHV prepared sample which theoretically

possessed the purest interface.

Sample type 2 measured the largest as-deposited barrier (1.657e¢V) and the lowest
ideality factor (n = 1.252), corresponding well with the highly uniform photocurrent
response imaged. Photocurrent imaging recorded a highly uniform Schottky interface
that displayed no large deviations from the average barrier height, but a very short
range fine structure. Sample type 2 displayed a very different photocurrent response
to sample types 1 and 3, and this is again confirmed by the macroscopic I-V

measurements which displayed corresponding differences.

116



7. Results: Ni-SiC Schottky diodes

7.9 Summary
Within this chapter the following points have been addressed:

e Near-field photocurrent imaging has been successfully developed and
demonstrated.

e Near-field photocurrent imaging of buried Schottky interfaces has been
performed using suitable signal amplification/detection, and by specifically
engineering samples with uniformly- thin Ni top contacts.

o Interface defects have been successfully detected and imaged, allowing their
distribution and lateral extent to be determined.

e The semiconductor depletion width has been measured, allowing evaluation of
the Schottky barrier height.

e Schottky barrier heights have been enhanced by annealing post-deposition at
500°C for 600sec, the resultant interface and surface modifications have been
subsequently characterised by photocurrent and topographic NSOM-modes.

e Sub-micron interface characteristics have been correlated with conventional

macroscopic I-V measurements.

The capability of near-field photocurrent imaging in the analysis of buried interfaces
has been demonstrated, however the intimate coupling of the near-field photocurrent
signal and surface topography has also proved apparent, which directly imposes
requirements upon the suitability of the technique to examine certain samples i.e.

uniform metal contact layers with flat surfaces.

Different mechanisms to enhance the photocurrent contrast have been attempted,
including the minimisation of the energy separation between the probing optical
source and barrier energy, the use of different excitation energies, and photocurrent
imaging under the application of an applied sample bias. The primary factor in
photocurrent imaging contrast enhancement proved to be the energy separation
between the probing excitation source and Schottky barrier under investigation, and
unfortunately the energy difference between Ni-SiC barriers and the excitation
sources available to this investigation was suitably large to dominate the other
methods attempted. The energy difference between the two sources used (633nm;

1.96ev and 488nm; 2.55¢V) was large at 0.59¢V, however both were significantly
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greater in energy than the Schottky barriers examined, and this was reflected by the
identical photocurrent images measured for both excitation sources. Imaging under
the application of a sample bias was also attempted to enhance the photocurrent
contrast, however imaging at different bias levels also produced identical photocurrent

images due to the superiority of the source energy over the barriers.

The capability and strengths of the difficult technique of near-field photocurrent
imaging and its application to buried Schottky interfaces has been proven, and the
necessity to correlate the probing optical energy with the barrier height highlighted.
Near-field photocurrent imaging is a valuable technique to device physics at the sub-
micron scale, and can be tailored, using a tuneable optical source, for a particular

material system to provide a powerful non-destructive imaging capability.
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Chapter 8

Results: Planar quantum well lasers and MQB reflectors

8.1 Introduction

Red-emitting quantum well laser diodes operating at a wavelength of 630nm are
required to fulfil a range of applications including data storage, printing, medicinal
purposes, and metrologyl The generation and waveguiding of photons of such
energy imposes strict requirements upon the materials used in the construction of
these laser systems, which are achieved by the AlGalnP quantum well material
system. However the performance and power output of such lasers is limited by the
thermally activated loss of electrons from the active region, thus reducing the

efficiency in achieving a population inversion.

MQB

AA

QW active
layer

<> <=
Waveguide

layers

Figure 8.1 The fundamental structure of a quantum-well laser diode incorporating a multi-
quantum barrier structure within the p-type cladding region. The MQB super-lattice is designed
to enhance the conduction band discontinuity by alignment with forbidden energy mini-bands.

The efficiency of electron confinement to the active region is dependant upon the
magnitude of the conduction band offsets, i.e. the potential barrier U between the
waveguide layer and p-type cladding. In order to enhance the potential barrier and
thus confinement, a multi-quantum barrier (MQB) super-lattice is introduced into the
p-type cladding region"z, as shown in Figure 8.1. The MQB structure is engineered to
align a forbidden energy mini-band of the MQB super-lattice with the conduction
band minimum in order to enhance the conduction band discontinuity by dU, as

described in chapter 4. The MQB structure is intended to optimise the electronic

120



8. Results: Planar quantum well lasers and MQB reflectors

properties of the laser device without altering its optical characteristics. This results
chapter considers three samples and their characteristics by NSOM. Collection mode
and photocurrent measurements are presented simultaneously with topographic
images and modifications in electron transport due to the introduction of MQB’s are

discussed in depth.

8.2 Sample details

Three GalnP / (AlyGa;)o.52Ing 43P based QW lasers were studied in the analysis of
multi-quantum barriers and their effectiveness in barrier enhancement. Two samples
contained MQB super-lattices, and a third control laser substitutes the MQB structure
with a single layer, facilitating the evaluation of the impact of the MQB’s upon the
electronic and optical properties of the device. The basic structure of all three
samples is represented in the schematic of Figure 8.1, showing the common quantum
well laser structure. Test structures (i.e. MQB’s and the control layer) were grown in
the three samples within the p-type cladding region, adjacent to the active layer and

waveguide region, as described fully in Appendix 11.2.

The samples were prepared by metal organic chemical vapour deposition, MOCVD,
grown at a temperature of 690°C. Two MQB structures were examined, MQB 1 and
MQB 2, containing seven and six MQB well/barrier pairs respectively. The MQB
structures were theoretically optimised by solving the Schrédinger equation across the
structures and maximising the electron reflectivity as a function of the incident
energy’. The layer thickness and material compositions were varied until a
reflectivity curve displaying a clear barrier enhancement and no low energy electron
tunnelling was achieved. Conduction band discontinuity (barrier) enhancements of

16-20% were theoretically modelled'”.

The compositional structure of the three lasers examined is listed in tables 1 to 3 of
Appendix 11.2, and schematics of the test structures examined are shown in Figure
8.2. The test structures are represented as a function of the aluminium concentration
of the different layers as the band-gap energy of AlGalnP varies according to Al
composition, thus providing a suitable representation for comparison between

structures4.
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; EJ* (x=0.7) = 2.26eV

MQB 2 J—‘ |

| E;" (x=0.3) =2.09eV

Al concentration profile

Qw active region (E;" = 1.76eV) V

Wide first barrier prevents
0.7 low energy e tunnelling
Control E;" (x=0.51) = 2.22eV
0 2'0 4'0 6'0 8'0 160 1;0 1;‘0

Distance (nm)

Figure 8.2 Schematic representation of the three test structures displayed in terms of the Al
concentration of the different layers in the device. The location of the QW active region
including waveguides is shown, and the test structures displayed in respect to that. The test
structures are located within the p-type material of the device.

The band gap energy (E;) of (AlLGaj,)os2Ing4P varies with the aluminium
concentration (x) as follows for the I and X band transitions,
Eg =1.91+0.61x 8.1)
E=2.242 +0.022x 8.2)
The structures are optimised for a single I-band model;, however some electron
leakage from the active region has been attributed to possible inter-valley transfer to

the lower energy X-band minima and thus must also be considered”.

The control laser substitutes the MQB structure with a comparable thickness of
(Alp.51Gag 49)0.52Inp 43P composed of an intermediate composition of Al (i.e. 0.51).
Note the composition of the control layer is intermediate in Al concentration between

that of the MQB well (0.3) and barrier (0.7) layers.
All test structures are located adjacent to the waveguide layer of the active region,

within the p-type material of the laser pn-junction. All other aspects of the laser

designs are constant across the sample set. The MQB technique of barrier
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enhancement has been successfully demonstrated previously for Schottky junctions,
however the theoretical barrier enhancement has not been achieved in heterojunction

2567 The possible causes of this have been suggested to be inaccuracy in

devices
growing a controlled abrupt super-lattice, which has been reported in the STM study
of such devices by K.S. Teng et al', and weaknesses in the theoretical modelling

technique when applied to the more complex AlGaInP heterostructure devices.

8.3 Sample preparation

The samples were cleaved prior to imaging and clamped in the cross-sectional
orientation using the electrical contacts of the laser diode sample holder, (see section
6.6.2). The success of the imaging technique was entirely dependant on the quality of
the surface cleave and was only possible when a perfectly flat cleave was achieved,
enabling the perpendicular approach of the NSOM probe and thus the maximum
interaction between the sample and the near-field volume of the probe aperture. The
planar quantum well laser diodes displayed a strong photocurrent response when
using a far-field optical source to illuminate the entire cleaved edge of the wafer.
However, upon the utilisation of a 50nm near-field optical source the photocurrent
response was not detectable, even to the lock-in amplification system preceded by the
pre-amplifier of 10® gain. This is a direct result of the similarity between the
excitation energies (1.96eV, 2.55e¢V) and the band-gap energy of the active region
(1.76eV), but primarily a consequence of the narrow width (6.8nm) of the single
quantum well active region. Although very photo-reactive, as displayed under far-
field illumination, the extremely small surface area (= 6.8nm % 50nm) of the active
layer illuminated by the near-field probe did not generate a detectable photocurrent

intensity.

When operating the laser devices and performing collection NSOM imaging (using a
50nm aperture probe), the intensity of light coupled from the laser samples into the
NSOM probe was also extremely low and inhibited accurate detection even when
using the avalanche photo detector, APD. Therefore it was necessary to use larger
aperture 100nm diameter probes to facilitate the NSOM analysis by both photocurrent

and collection mechanisms.
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8.4 Topographic imaging

Although the samples were cleaved prior to imaging, there is considerable oxide
growth apparent in all topographic images collected. Imaging was commenced within
twenty four hours of sample cleaving and remained possible for approximately seven
days. The oxide growth clustered on the surface as it progressed and formed very
different growth patterns depending upon the underlying layers. The oxides of the
different layers developed at differing rates and formed clusters of various diameter
and number density, again depending upon the location. The varying oxidisation
characteristics are a direct indication of the variation in composition ofthe underlying
layers, or an indicator of the variation in the average composition, as layers in the
MQB structure are theoretically 4.2nm thick which is smaller than most clusters seen.
As time progressed (approaching seven days) the oxides developed either side of the
active region and eventually closed in covering the active region with a layer
substantial enough to scatter and attenuate the near-field illumination of the NSOM
probe when performing photocurrent imaging. This also sufficiently scattered the
laser light when powering the device and performing collection imaging, rendering
detection impossible in both cases. However, during the early stages of development
the oxides proved very informative in locating the different layers via shear-force

topographic imaging.

The surface topographies of the three lasers are seen in Figure 8.4, imaged at
approximately similar durations after sample cleaving. The quantum well,
waveguide, and multi-quantum barrier layers are labelled in the following diagrams
using an overlaying coloured schematic to demonstrate their location and extent. The

composition ofthe different layers is labelled in the colour key of Figure 8.3.

Gao.41Ino.s9P QW active layer Mftrmi
(Alo.3Ga)0.52In0.48P waveguide layer 1 J
p or n -doped (A10.51Ga)0.52hi0.48P layer IBM)
(used as replacement layer in control laser)

MQB super-lattice Junn
p or n -doped (Alo.7Ga)o.52In0.48P cladding 1 I

Figure 8.3 Colour key for the overlaying schematic labelling of the following
topographic images displayed in Figure 8.4. Full sample structures are detailed in
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10.30 nm

0.00 nm

9.89 nm

000 nm T ]

4.78 nm

0.00 nm

(a) Control laser

(5000nm)2 image acquired during
the early stages of oxide growth.
The image was processed by
background levelling to reduce the
influence of the large feature which
is possibly some debris from
cleaving.

(b) MQB 1

(2000nm)2 image showing a greater
degree of oxide development. Note
the MQB super-lattice is seen to the
left of the active region (and
waveguides) as the dark, ie. lower
surface stripe.

(c) MQB 2

(2500nm)2 image acquired after a
considerable level of oxide has
developed. Note this image displays
noise as it was acquired
simultaneously with a collection
NSOM image when the device was
powered up and lasing.

Figure 8.4 Shear-force topographic images of the lasers active regions and adjacent layers. The
corresponding colour key identifying the layer compositions is displayed previously in Figure 8.3.
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The topographic images of all three lasers demonstrate that the actual manufactured
structure is accurate with the designed parameters, as set out in Appendix 11.2, at
least for the overall structure and layers that are of great enough thickness to be
revealed by the oxide growth and shear-force detection. Clearly the presence of
surface oxides is useful in visualising the location of the different layers in the
structures, the distribution and dimensions of which can be correlated with the
theoretical structures (Appendix 11.2) and attributed to the corresponding layer

composition.

The multi-quantum barrier super-lattices are comprised of 4.2nm wide layers
alternating in aluminium content between 0.3 and 0.7. The MQB appears in the
topographic images as a single layer, as the individual wells and barrier are too
narrow to be separately resolved, i.e. the oxide growth clusters are larger than 4.2nm
diameter and the oxide reveals the MQB as a single layer, possibly the oxide growth
distribution displayed here is a function of the average layer composition of the MQB
region. This could indicate Al and Ga interdiffusion between well and barrier layers
which is detrimental to the properties of the MQB that requires well defined material
properties and abrupt interfaces, as previously observed by Teng et al'. However, it
may have been possible to visualise the individual layers of the MQB using their
surface oxides for a short period very soon after cleaving, i.e. when there is very
limited oxide developed. Note that it is also not possible to separately resolve the
6.8nm thick QW active layer, which is seen for all lasers as a single layer of oxide
comprising the QW and adjacent (Aly3Ga)g s2Ing 43P waveguiding layers, the width of

this oxide stripe corresponds to the sum of the QW and waveguide layers.

The QW active layer is located by correlating topographic images with their
simultaneously acquired photocurrent or collection NSOM images. However,
throughout the course of imaging these devices several NSOM probes were used.
Theoretically the NSOM probes are manufactured for consistency of the aperture
diameter, however, the location of the furthest protruding point of the probe tip can
vary between probes as illustrated in Figure 8.5. This does not affect the imaging
properties of the probes or resolution of the topographic images; however it does have
direct implications on the correlation between topographic and simultaneously

acquired images. The greatest protrusion on the probe tip is the location of the shear-
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force interaction site, i.e. it is the centre of shear-force imaging. However, the centre
of both photocurrent and collection NSOM imaging is the centre of the probe
aperture, ideally the two would coincide, ‘as is the case for apertureless NSOM". This
is physically impossible for aperture NSOM therefore there is always an offset
between topographies and their simultaneous images derived via an optical
mechanism. This makes it difficult in the case of precisely locating a thin QW active

layer.

Probe tip Alternative
tip location

Offset 1

Sample Q\N active laver

Figure 8.5 The location of the shear-force interaction site (furthest protruding point of the
NSOM probe), overemphasised in this illustration, can vary between probes, resulting in a
translation between simultaneously acquired images.

When the protrusion point of two differing probes are located on directly opposite
sides of the aperture then the minimum offset between their corresponding images
will be approximately 100nm. Thus when imaging a device such as a planar quantum
well laser, the use of a number of different probes with different shear-force
interaction sites provides greater insight in precisely locating the active region in
respect to correlation with topographic data. This was the situation when imaging the
MQB and control lasers and aided the correlation of images in locating the active QW

layer at the centre ofthe bright stripe as labelled in Figure 8.4(a), (b), and (c).

The simultaneous shear-force topographic data, although not providing direct
information about the fine structure of the MQB’s, has provided an interesting

reference to the photocurrent and collection NSOM images. Perhaps most
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importantly it has confirmed the manufactured sample’s structure and dimensions

were as intended by their design and consistent throughout the sample set.

8.5 Collection NSOM of operating devices

The optical output of the operating devices was analysed by collection NSOM, which
was performed as described in chapter 6, collecting near-field light at the sample
surface using the nano-aperture of the probe and measuring the intensity by focussing
the probe’s fibre tail onto an avalanche photo diode (APD). This was initially
attempted using a photomultiplier tube detector (PMT) however its sensitivity proved
inadequate as a result of the low optical intensities typical of collection NSOM. As
previously mentioned, in order to collect a detectable optical intensity from these
single QW devices it was necessary to use 100nm diameter aperture probes, instead of
the optimal 50nm aperture probes, thus increasing the optical throughput. However
the drawback of this is that the ultimate optical resolution of the system is increased to
100nm, as the resolution of collection imaging is determined by the dimensions of the

aperture used to sample the optical field”'°.

- Active layer

Lateral
transverse
TE-mode

Vertical
transverse
(TM) direction

Figure 8.6 Optical emission modes of an operating laser diode.

The optical output characteristics of the three test samples were very similar, as is
suggested by the device structures that posses a common active layer and waveguide
region, as detailed in Appendix 11.2. The samples differ only in the structure within
the p-type layers adjacent to the active region, all other device parameters remain
constant throughout the sample set. The optical characteristics, or more precisely the
spatial characteristics of the optical output, are determined by the geometry of the

active layer and adjacent waveguide layers, which are identical for all samples. The
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waveguiding properties of a device are also dominated by the refractive index
distribution of the active layer and adjacent cladding layers; however this remains
identical for the samples examined in this work. The various test structures located at
the p-type region boundary are designed to influence the electronic confinement of the
active region and theoretically should not disrupt the optical confinement of the
cavity. Therefore analysing the distribution of the optical output is a direct
experimental investigation to ensure the waveguide nature of the devices is not

disrupted by the presence ofthe MQB’s.

(a) (b)

ftmsverse

direction
Vertical tram

direction

MQB/ /QW + Waveguide layers

Figure 8.7 Simultaneous (1602nm)2 (a) Topography, and (b) Collection NSOM images of laser
MQB 1 operating at 2.06V; 80mA. The FWHM of the vertical transverse optical profile is
correlated on the topographic image by dashed white lines, and the location of the maximum
optical output is labelled by the yellow curve. The optical image (b) was acquired using an APD
detector at an integration time of 1OmS, the maximum intensity is 58counts.

The images of Figure 8.7 display simultaneous (a) topography, and (b) collection
NSOM, of MQB 1, which demonstrates an optical response typical of what is
observed for all three test samples examined. The optical output is confined to a
bright “stripe” at the sample surface, parallel to the layer structure ofthe device in the
direction known as the lateral transverse direction, as labelled in Figure s.¢ and Figure
8.7(b). The measured optical intensity is unifonn along the length of this plane, as the
external electrical contacts are uniformly distributed across the entire p and n -type
electrodes, electrically pumping the active region along its complete length, unlike the

finite electrodes used in gain guided laser devices".
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Perpendicular to the lateral transverse direction, and growth plain of the device, is the
vertical transverse direction, as labelled in Figure 8.7(b). This is oriented
perpendicular to the waveguides and QW active layer and is the direction in which the
waveguides are intended to provide optical confinement. The degree of optical
confinement can clearly be seen in Figure 8.7 by the narrow bright output stripe which
is efficiently attenuated away from the active region on either side. The simultaneous
image acquisition allows for the correlation of surface topography and optical
characteristics, the bright optical output stripe maxima is seen to coincide with the
location of the quantum well active layer, i.e. the centre of the waveguide region, as

expected.

The difficulties in physically locating the active layer by correlating topographies with
optically generated images have previously been discussed. However a substantial
quantity of data was collected for these planar laser devices using a number of NSOM
probes, and the average location of the optical output maxima coincided with the
centre of the waveguide layers, i.e. the QW active layer. The vertical transverse
optical profile is correlated with the surface topographic characteristics in Figure
8.7(a) and its location is represented symbolically by the yellow curve. The positions
of the full width at half maximum, FWHM, points of the vertical transverse profile are
accurately denoted by the dashed white lines and can thus be visualised in respect to

the active layer and waveguide geometry.

The vertical transverse optical profile of Figure 8.7(b) is displayed in the cross-section
of Figure 8.8, along with the location and dimensions of the waveguide region with
the quantum well residing at its centre. Reasonably good optical confinement
characteristics are displayed by the device in this direction which is a consequence of
the refractive index engineering of the region. The use of a quantum well as the
active layer in a laser increases the electronic confinement and introduces the
quantization of energy levels involved in the optical emission process. However
quantum well active layers are very thin (< 10nm) resulting in a decrease in optical

confinement in the vertical transverse direction.
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75 Counts
Waveguide + QW
56.3- = 186.8nm
37.5-
FWHM =400nm + 50nm
0 383 767 1150 1534 1917 nm

Distance

Figure 8.8 Vertical transverse cross-section of the collection NSOM image displayed in
Figure 8.7(b) showing the device MQB1 powered at 2.06V; 80mA. The dimensions of the
active layer and waveguides are inserted.

The FWHM of the optical distribution of Figure s.s is typical of that exhibited by all
the test devices and the value of 400nm =+ 50nm is the average value and range
encompassing many collection images over the three test samples using several
NSOM probes. The cross-sectional profile is correlated with the ¢.snm thick
Gao.s1lno.s9P active layer, located at the apex of the distribution, and the adjacent
90nm thick (Alo.3Ga)o.s2ln0.4sP waveguide layers as indicated in Figure s.s. The
FWHM of the optical distribution corresponds to a transverse confinement of47.45%
+ 5.95%, this is very close to previous near-field measurements of Lu et al]2 who
measured 46% on similarly structured planar quantum well laser devices. However it
must be noted that the FWHM measured here is a convolution of the laser guided
mode and NSOM aperture geometry, thus by deconvolving NSOM aperture

characteristics a higher degree of confinement will be detected for the device.

Figure 8.9 indicates two curves showing the vertical transverse optical profiles
acquired from the control device at different operational powers, 1.78V at 27mA and
2.06V at 92mA, which are below and above the laser threshold respectively. The
transverse cross-sectional profile is highly Gaussian in distribution, as shown by the
very close curve fitting of Figure 8.9, indicating that the laser devices are operating
predominantly at the fundamental mode. The Gaussian curves display a 96% accurate
fit for electroluminescence (i.e. below threshold, 1.78V; 27mA), and a 99% accurate

fit for stimulated emission of the active layer (i.e. above the laser threshold, 2.06V;
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92mA). The curve fitting equation and parameters are displayed in Appendix 11.3.
The degree of optical confinement varies slightly with the operational power,
spreading with increasing optical intensity. Below threshold (1.78V; 27mA) the
FWHM is 350nm + 40nm, and above threshold (2.06V; 92mA) the optical spreading
is greater at a FWHM 0f400 + 30nm.

250- 2.06V; 92mA
FWHM =400 + 30 nm

1.78V; 27mA
FWHM =350 £40 nm

800 1000 1200 1400
Distance (nm)

Figure 8.9 Vertical transverse profile at 1.78V; 27mA, and 2.06V; 92mA, recorded for
the control device. The cross-sections are mathematically fitted by Gaussian curves
(red) which display very high correlation.

Collection NSOM imaging of operational devices has mapped (at 100nm resolution)
the optical intensity distribution at the emitting facet of the device allowing
correlation with the surface topography, acquired simultaneously. The imaging has
provided insight into the functionality of the devices, confirming the waveguide
structure is constructed with the designed parameters (Appendix 11.2) and its
effectiveness is not affected by the MQB structures grown within the edge of the p-
type region. Collection NSOM has not probed the MQB structures directly, although
it has confirmed that there is no electroluminescence occurring there, i.e. there is no
carrier leakage past the QW active layer which results in radiative recombination
when the device is operating, as proved by the closely matching widths of the vertical

transverse distributions for all three test devices.
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8.6 Near-field photocurrent imaging

Near-field photocurrent imaging of the three planar quantum well samples was
performed in the cross-sectional orientation as described in chapter 6.6. The sample
was connected directly to the first stage 10® gain amplifier, and photocurrent detection
was performed under 0 volts applied sample bias. Imaging was performed using
100nm diameter NSOM apertures, as similarly with the collection NSOM, 50nm

diameter apertures did not generate a signal level detectable to the lock-in amplifier.

The NSOM probe is employed as an optical source to locally photo-excite electron-
hole pairs in the sample within the near-field volume of the sub-wavelength aperture
when the excitation energy is greater than the samples band-gap energy. A
photocurrent signal is detected in the external measuring circuit when electron-hole
pairs are generated in the presence of an electric field, which acts to separate the
opposite charge carriers before recombination occurs, and thus induces an electric
field in the sample that drives the photo-generated reverse current. Therefore
photocurrent imaging directly maps prn-junctions and is sensitive to the band-gap

energy and barriers or band offsets in the conduction and valence bands.

The resolution of near-field photocurrent imaging is independent of the excitation
wavelength used for small apertures (i.e. aperture diameters < A/2)", and is actually a
function of the near-field excitation volume, the absorption length, and is ultimately
limited by the carrier diffusion length'*. However, as determined by topographic
imaging, the build up of surface oxides is rapid and several nanometers thick therefore
cannot be ignored when considering the resolution of photocurrent imaging on such
samples. The nanometer order thickness of surface oxide introduces a physical
separation between the near-field aperture and the optically active surface of the
cleaved sample, the evanescent field decays exponentially away from the aperture
surface thus the probe-sample interaction is greatly reduced. This may explain the
necessity for larger probe apertures of 100nm diameter in order to increase the
photocurrent intensity to a detectable level. The intermediate oxide layer also scatters
the localised near-field optical source, resulting in a spreading of the excitation
volume and therefore decreases the resolution actually achieved by photocurrent

13,15

imaging ~°. Therefore the experimental photocurrent resolution will be poorer than
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theoretically possible. The optimum resolution observed for this study of planar
quantum well laser devices was within the range 100-200nm, note this applies for the

case of limited surface oxide growth which was pursued in these experiments.

8.6.1 Correlating the photocurrent response with cross-sectional structure

Photocurrent imaging is conducted simultaneously with shear-force topographic
imaging, thus allowing the correlation of a sample’s photocurrent response with the
cross-sectional structure of the device, as measured at the cleaved surface. Although
there are variations in the precise photocurrent response of each sample, the general
characteristics and correlation with the surface topography is similar for all samples,
therefore correlation characteristics are discussed using the single example of MQB 1.
The precise differences in the photocurrent responses of the three test samples are

subsequently discussed in the next section.

(a) (b)

Figure 8.10 (2000.83nm)2 images of MQB 1 showing the (a) Topography (maximum height =
8.73nm), and simultaneous (b) Photocurrent (maximum intensity = 5.12V) variations using the
488nm (2.55eV) excitation source. The location of the active QW layer is labelled, and the
FWHM distribution of the vertical transverse component of the photocurrent is correlated onto
the topography.

The images displayed in Figure 8.10 were recorded for the sample MQB1 and
demonstrate the correlation between (a) surface topography, and (b) photocurrent
variations. The topography reveals a moderate level of surface oxide growth which is
useful in distinguishing the different regions of the device structure. The location of

the active QW layer and adjacent waveguides was previously determined by
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measurements of the sample structure and is revealed here to coincide accurately with
the maxima in the photocurrent distribution, confirming the accuracy of the previous
measurements; the location is labelled for both images. The photocurrent intensity is
constant in the lateral direction parallel along the length of the active layer,
demonstrating continuity in the integrity of the device structure. However in the
direction perpendicular to the active layer, i.e. across the device structure in the
vertical transverse direction, there is a clear variation in the photocurrent response of
the different compositional layers. The variation in photocurrent perpendicular to the
active layer is correlated with surface topography in the cross-sectional diagram of
Figure 8.11, the magnitudes of both the topographic height and photocurrent intensity

are normalised for ease of comparison.
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Figure 8.11 Correlation of cross-sectional profiles of the topographic and photocurrent images
displayed in Figure 8.10, acquired from MQB 1 using the 488nm (2.55eV) excitation source.
The cross-sections are taken perpendicular to the active layer and the magnitudes are normalised
for comparison.

The photocurrent was stimulated using the higher energy 488nm (2.55e¢V) excitation
source and displays clear asymmetry about the quantum well. The accurate alignment
of the QW active layer and photocurrent maximum intensity is emphasised by the
cross-sectional profiles, as however is the full width at half maximum (FWHM) of the
optically activated photocurrent which measures 352nm. The origins and mechanisms
responsible for the vertical transverse photocurrent distributions exhibited by the three

sample devices are discussed in detail in the following section.
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8.6.2 Probing the effect of MQB’s using near-field photocurrents

Photocurrent generation is sensitive to the electronic properties of a device via the
band-gap energy and the band profile (i.e. band discontinuities), which vary across the
MQB structure as represented in Figure 8.12, but requires the presence of a field to
facilitate its propagation and separate the photo-generated electron-hole pair. Thus
the photocurrent images the built-in fields and diffusion characteristics of an unbiased
device via minority carrier transport. By selecting different excitation sources that
vary in energy about the band-gaps of the different layers in the three sample devices

it is possible to probe the characteristics of the MQB devices.
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Figure 8.12 Simplified band profiles of (a) the control laser, and (b) the general
MQB structure, incorporating the band-gap energies of the constituent materials.
The n-type and waveguide regions including the QW are consistent for all samples.

Photocurrent cross-sectional profiles, perpendicular to the active layer, are displayed
in Figure 8.13 for the (a) Control laser, (b) MQB 1, and (c) MQB 2 samples.
Displayed for each sample are the photocurrent profiles obtained at the two excitation
energies of 1.96eV (633nm) and 2.55eV (488nm). The cross-sections are normalised
for comparison and the relative positions of the active region and MQB (or control
layer) are labelled. The average FWHM measurements of the photocurrent cross-
sections are displayed in Table 8.1, incorporating the experimental standard error

values.
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Figure 8.13 Normalised photocurrent cross-sections of the (a) Control, (b) MQBI1, and (c)
MQB2 samples. The cross-sections are taken from images showing a similar level of oxide
development and using new 100nm NSOM probes. The cross-sectional profiles are oriented
in the direction perpendicular to the active layer.

Control MQBI1 MQB2
633nm (1.96eV) 380+ 30 nm 350+ 20 nm 360 £ 20 nm
488nm (2.55eV) 450 + 30 nm 360 + 30 nm 385 +20 nm

Table 8.1 Full width at half maximum parameters for the photocurrent cross-sectional
profiles displayed in Figure 8.13.
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8. Results: Planar quantum well lasers and MQB reflectors

In general, for all samples the photocurrent characteristics are broader when
stimulated by the more energetic source, however the width and shape of the
photocurrent profiles is different for each device and this was found to be repeatable

with fresh sample cleaves (i.e. not oxide dependent).

Consider the structure of the QW active layer and waveguides common to all three
devices. The QW layer is 6.8nm thick and has a band-gap energy of 1.77¢V,
therefore electron-hole pair (e-#) generation occurs when excited by both energy
sources [1.96eV (633nm) and 2.55eV (488nm)]. Sandwiching the QW is the two
90nm thick waveguide layers which posses a band-gap energy of 2.09eV, thus
electron-hole pair stimulation only occurs for the sufficiently energetic 2.55eV
(488nm) excitation source and e-A pair excitation is restricted to the QW for the lower
energy 1.96eV (633nm) source. The band-gap separation of the remaining
(AlxGajx)o.52Ing 4sP layers varies with the aluminium concentration as discussed in
section 8.2 *'!'". The production of a photocurrent also depends upon the presence of
an electric field to separate the stimulated charge carriers, the field within the sample
structure presides over the intrinsic region, predominantly at its boundaries with the p
and n-type regions, however it is at the central, low band-gap, quantum well that

carrier excitation is greatest.

8.6.3 Control laser photocurrent characteristics

The control sample displays photocurrent cross-sections that are reasonably
symmetric in shape for both excitation energies, however the FWHM is greatly
different and is on average 70nm * 30nm wider at the higher excitation energy. The
control sample contains a 94.5nm thick p-(Alps1Ga)ys2Ing4sP control layer
(substituting the MQB structures of the other samples), which is composed of an
aluminium concentration that is an average of that in the wells and barriers of the
MQB structures. As mentioned, the band-gap energy varies with the aluminium
concentration and for the control layer is 2.22eV, and therefore experiences electron-
hole pair production only when illuminated by the higher energy 2.55¢V (488nm)
source, and a subsequent photocurrent in the presence of, or within the minority
carrier diffusion length of an electric field. The first layer within the n-type side of

the junction is an n-(AlgsGa)g.s2Ing4sP layer which also has a band-gap energy of
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2.22¢V (this layer is present in all three sample structures) and experiences electron-

hole pair production when excited by the 2.55¢V (488nm) source.

As discussed the built-in field of the device resides over the intrinsic region that is
186.8nm wide with the strongest field acting at the p and n-boundaries. A
photocurrent is not only generated when excitation occurs at the location where a field
acts, but also within a minority carrier diffusion length of such a location. The
minority carrier diffusion lengths within the p and n-type (Aly.s51Ga)o.s2Ing 48P layers
adjacent to the intrinsic region are calculated using minority electron and hole
mobility’s of p, = 160 cm*V'S™ and w, = 10 cm*V™'S™ respectively and a minority
carrier lifetime of the order 100 pS, as according to theoretical and experimental
investigations on such materials'®'®. The diffusion lengths were calculated using L,
=(Den t )l/z,where D, is the diffusion coefficient, to be L, = 50.87nm, and L, =
203.47nm '*?°. Therefore when the control sample is illuminated by the higher
energy 2.55eV (488nm) excitation, a photocurrent is expected to act over a region
441.14nm in width (intrinsic region + diffusion lengths) plus the p and » region
depletion lengths of approximately a few nanometers. This value corresponds very
closely to the measured FWHM of the perpendicular photocurrent profile at 2.55¢V
(488nm) displayed in Figure 8.13(a) of 450 + 30nm.

In the case of 1.96eV (633nm) illumination (Figure 8.13(a)), when electron-hole
excitation is confined to the QW active layer alone, the photocurrent profile measured
was 380 x 30nm wide. The broad photocurrent signal measured indicates that near-
field light, coupled into the waveguide layers by the NSOM probe, propagates into the
QW layer (where the band-gap energy is 1.77eV) and promotes carrier separation and
subsequent photocurrent propagation. The width of the waveguide region
incorporating the QW active layer is 186.8nm, by accounting for the lateral resolution
of the 100nm diameter aperture NSOM probes this produces a photocurrent width of
the order 387nm which compares favourably with the measurement listed in Table 8.1
of 380 £ 30nm. Note, charge carrier separation can occur within the p and n-type
(Alp.51Ga)g s2Ing 4gP, and waveguide layers when exciting with the 2.55eV (488nm)

source, and thus local photocurrent generation via minority carrier diffusion can
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dominate in this case, as opposed to optical propagation of the excitation light

throughout the waveguiding structure.

8.6.4 MQB photocurrent characteristics

The photocurrent cross-sections perpendicular to the active layer (Figure 8.13(b) and
(c)) are very different for the two multi-quantum barrier samples MQB 1 and MQB 2
than the control sample. Both exhibit symmetric photocurrent profiles at 1.96eV
(633nm) excitation, and broader asymmetric profiles at the more energetic 2.55eV
(488nm) excitation, however the widths of each differ between the two MQB

samples.

The perpendicular photocurrent width at both excitation energies is smaller for both
MQB devices than for the control device, as listed in Table 8.1. This is because the
MQB samples have replaced the lower band-gap 2.22eV p-(Aly s1Ga)g s2Ing 4sP control
layer with the multi-quantum barrier structures beginning with a wide 2.26eV
(Alp 7Ga)g s2Ing 4gP barrier layer, see Figure 8.12 and Appendix 11.2. The reduction in
photocurrent widths, especially at the higher excitation energy, indicates the
sensitivity of near-field photocurrent microscopy to the MQB structures. The
difference in FWHM measurements and profile shape between MQB samples also
indicates that the imaging mechanism is exhibiting sensitivity to the exact
compositions of the multi-quantum barrier structures. The MQB sample structures
posses the same intrinsic and n-type regions as the control sample, however the
94.5nm thick p-type cladding layer that proved to be active in photocurrent imaging
of the control sample is replaced by apparently considerably less active MQB
structures, thus reducing the photocurrent widths by approximately 94.5nm for
2.55eV (488nm) excitation, indicating the higher electronic confinement of the MQB.
However this is not fully exhibited for MQB 2 where the photocurrent extends
slightly into the MQB region, as indicated by the highly asymmetric cross-section in
Figure 8.13(c).

The photocurrent cross-sections are very similar in profile and width at 1.96eV
(633nm) excitation for both MQB samples measuring 350+£20nm and 360+20 nm.
The FWHM displayed by the MQB samples at 1.96eV (633nm) is also very similar to
that of the control laser measured at 380+30nm, and thus the photocurrent FWHM of
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all three samples, at 1.96eV (633nm) excitation, are within the experimental
limitations of each other. This indicates that photocurrent imaging at such a low
energy only exhibits sensitivity to the smaller band-gap active region and is not
sensitive to probe the MQB. Although 380nm for the control sample is slightly larger

than the MQB samples the resolution limits the analysis.

The photocurrent response of the three samples to 2.55e¢V (488nm) excitation is
greatly contrasting, as seen in Table 8.1. The MQB samples exhibited much narrower
photocurrent profiles than the control laser due to the presence of the MQB super-
lattices. The excitation energy of 2.55eV is greater than the band-gap energies of both
the wells (2.15eV) and barriers (2.26eV), as seen in Figure 8.12. However, the
narrower photocurrent profiles (compared to the control laser) indicate the presence of
barrier enhancement within the MQB super-lattice, where forbidden electron energy

states extend above the conduction band edge, and appear effective for both samples.

For the 2.55eV (488nm) excitation, the photocurrent profiles of the MQB samples
themselves differed considerably, at 360+30nm for MQB 1, and 385+20nm for MQB
2. This is highly indicative of the degree of barrier enhancement achieved by the
differing MQB super-lattices of the two samples. The narrower photocurrent profile
of MQB 1 (Table 8.1) indicates that a greater barrier enhancement is realised by the
MQB super-lattice of sample MQB 1, than that achieved by MQB 2. However, MQB
2 does exhibit barrier enhancement, indicated by its narrower photocurrent profile
than the control laser, but appears not as effective as MQB 1. The barrier
enhancement observed for the MQB’s increased the total energy required for photo-
excitation above that of the basic band-gap energy of the well and barrier regions of
the MQB. The absence of photo-excitation across the MQB region using the 2.55e¢V
(488nm) excitation indicates that the barrier enhancement, particularly for MQB 1,
increased the inter-band energy gap to approximately greater than the original band-
gap energy of the MQB barrier layers of 2.26eV. Thus, the presence of a forbidden
energy mini-band, elevated in energy above the conduction band edge, prevented the
potential diffusion of photo-excited charge carriers into the built-in field of the device,

forming a barrier to inhibit local photocurrent generation.

141



8. Results: Planar quantum well lasers and MQB reflectors

8.7 Summary

The cross-sectional NSOM study of planar quantum well lasers has proved an
exciting alternative to standard characterisation methods and can add great insight into
many nanoscale properties within these devices. The following conclusions can be
drawn from this NSOM investigation of MQB laser devices:

e Shear-force topographic imaging has visualised the sample structure allowing
the accuracy of the deposition techniques to be examined via oxide growth
effects.

e Collection mode NSOM has probed the optical characteristics of operating
devices and proven that, in this case, MQB’s do not affect the optical
confinement of the laser structure.

e Near-field photocurrent imaging has detected the presence of the MQB
structures due to modification of the charge confinement.

e Results presented here clearly indicate a positive response to electron
confinement in MQB structures when probed with the NSOM and compared
to the control sample.

e By utilising different excitation energies near-field photocurrent imaging has
proved sensitive to the different MQB structures.

An in-depth study of MQB effectiveness in quantum well lasers would require further
alternative samples and possibly the use of smaller aperture (50nm) NSOM probes.
The latter development would be facilitated by the elimination of the nanometer order
thick surface oxide by imaging with the samples under a vacuum or inert gas. The
removal of the intermediate oxide layer would be detrimental to the information in the
topographic images; however the improvement in the optical efficiency of
photocurrent imaging would be considerable, increasing photocurrent levels and thus

allowing an improvement in resolution.
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Chapter 9

Results: Buried heterostructure multi-quantum well laser

9.1 Introduction
As discussed in chapter 4 buried heterostructure (BH) laser diodes have excellent
operational characteristics displaying low threshold current densities and stable modal
operation. The fundamental weakness of BH lasers is in the fabrication of the curved
mesa structure and subsequently deposited curved pnpn thyristor structure. The
harshest or crudest step in the manufacture process is definitely the etching of the
mesa structure, which results in a curved stepped surface (see Figure 9.1).
Semiconductor growth on such a surface can lead to an interface with a large density
of defects, or non-uniform distribution of dopants. Therefore it is the curved
structures, pn-junctions that are focussed on in an effort to optimise device efficiency
further. The ideal BH-MQW laser will have all of the injected carriers recombining
in the MQW resulting in stimulated emission. However in reality there is a strong
possibility of leakage currents bypassing the MQW and recombining in non-radiative
recombination processes and electroluminescence outside of the MQW. The three
possible leakage paths are:

(1) directly across the pnpn blocking structure,

(2) around the n-InP blocking layer via the p-InP cladding layer, p-InP

blocking layer and n-InP cladding layer,
(3) directly through the active region, dopant diffusion into the active
region can provide a path directly past the MQW.

The possibilities of these occurring are investigated and discussed with respect to the

collection NSOM and photocurrent data.

9.2 Sample structure

The multi-quantum well active region consists of 9 InGaAsP quantum wells and 10
InGaAsP barrier layers, all of which are undoped. The wells have a width of 6nm and
the barriers a width of 10nm. Adjacent to the multi-quantum well structure, above
and below, are separate confinement layers, as shown in Figure 9.1, these are also
undoped InGaAsP and are approximately 500nm thick perpendicular to the QW’s.

The n-type InP materials are doped with Si in the concentration range
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4x1018AD>2x101ls cm'3. While the /?-doped InP materials are Zn doped and have

o
'

weaker dopant concentrations in the range 2*10 >A”>4xl0 cm The device is
grown upon an «-InP substrate and there are contact layers on the top and bottom.
Due to the commercial sensitivity regarding the precise fabrication of these lasers

only general specifications can be given.

p-InP cladding

Ai-InP InGaAsP cladding

blocking

/7-InP InGaAsP cladding

blocking «500nm

/z-InP cladding

Figure 9.1 Cross-sectional schematic of the buried heterostructure multi-
quantum well laser studied. Note the diagram only shows the MQW active
region and surrounding pn-)unctions that are important in addressing the
following results, the three possible leakage pathways are also labelled.

9.3 Sample preparation

The sample was always freshly cleaved (in air) prior to scanning, thus allowing the
minimum possible time for the growth of surface oxides. Oxide layers can be
detrimental to the ultimate resolution of NSOM experiments, especially photocurrent
imaging of samples displaying a low optical response, or samples with a very small
active region, as discussed in chapter 8. This is because the typical penetration length
of near-field light into a sample is of the order of the probe aperture diameter, which
in this case is 50nm. The intensity of the evanescent modes of the near-field aperture
decays exponentially away perpendicular from the aperturel, thus the growth of an
oxide between the aperture and sample will reduce the intensity at the sample surface
exponentially, plus additional losses due to scattering. Therefore it is favourable
when using a small aperture diameter (50nm) to avoid heavy growth of surface

oxides.
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Note, a probe of S0nm aperture diameter was utilised in the acquisition of all the
images (collection NSOM and photocurrent) presented within this chapter for the BH-
MQW laser as these devices proved more photo-active than the MQB lasers of the

previous chapter.

9.4 BH-MQW laser surface topography

As discussed in section 2.6 the topographic data is acquired using the shear-force
imaging mechanism of the NSOM, with resolution of approximately 0.5nm in the z-
direction perpendicular to the sample surface and a few nanometres in the x-and y-
directions. All of the topographic images displayed were recorded pixel by pixel
simultaneously with photocurrent or collection NSOM images, the best resolution
being observed when simultaneously performing photocurrent imaging i.e. when the

device was at room temperature and not subjected to heating as when in operation.

The topographic image displayed in Figure 9.2 shows a cross section of a device, as in
the schematic Figure 9.1, with extremely high resolution, the image was recorded at
500x500 pixels at a moderate rate and feedback conditions. The active region is
clearly resolved, which appears never to have previously been reported using a force
imaging technique. The active region forms a depressed trapezoidal shape on the
cleaved surface and has the dimensions 1500nmx1100nmx240nm. The depressed
trapezoid is uniform in shape and has an approximate depth of 0.5nm (see inset image
of Figure 9.2); this is very close to the resolvable limit of shear-force imaging. The
whole image is also very flat, with a maximum height contrast of 1.73nm. Curved
contours on the sample surface are visible, suggesting the shape of the mesa structure,
however this is not itself clearly resolved. Although the sample was cleaved as close
as possible prior to imaging, there are definitely surface oxides present. However,
unlike the topographic imaging of the planar quantum well lasers of the previous
chapter, the surface oxides do not appear to be responsible for the physical contrast
seen here, due to the magnitude of the surface depression (~0.5nm). A more
appropriate mechanism would be the relaxation of strain, accumulated in the MQW
super-lattice during growth, upon cleaving. The action of cleaving allows the new
surface layers more freedom to relax under strain. This may result in the
approximately 0.5nm deep surface depression in the topography of the active region

as seen in the shear-force image, which is consistent with strain induced perturbations

146



9. Results: Buried heterostructure multi-quantum well laser

in surface morphology of a few angstroms as measured using cross-sectional STM by
Chen et al2. The shear-force mechanism of the NSOM microscope is working near
the limit of its resolution capabilities here, therefore in order to seek the resolution of

more features the only possibility is a mechanical zoom i.e. a smaller scan range.

1.73 nm

0.00 nm

1500nm 1100nm

240nm

Figure 9.2 (3500nm): topographic image of a recently cleaved BH-MQW laser cross
section. The image clearly resolves the active region as a uniformly defined trapezoid and
the dimensions are labelled in the illustration. The inset image shows a cross-sectional
line profile of the MQW active region.

The topographic image of Figure 9.3 shows the active region and one side of the mesa
structure in a (2570nm)’ scan range. The image is very flat displaying a maximum
contrast of 1.32nm, and the active region is clearly resolved. The smaller scan range
of this image has allowed the shear-force sensor to become sensitive to the tiny
variation in surface topography due to the curved blocking layers. The shape of the
etched curvature of the mesa structure is now visible, although very faint, and is
highlighted by the dashed white line labelled A. The curved edge of the mesa is seen
to originate at the top comer of the of the active region labelled B, which is consistent
with the fabrication process, where the active region was masked and the mesa etched
on either side. The next step of fabrication process was the re-growth of the blocking
layers (thyristor structure) on top ofthe curved surface, and this is also reflected in the

surface topography in Figure 9.3. A very faint curved region is just visible and is
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outlined in the image by the dashed lines; the region is slightly depressed along its
edges with greatest curvature, but is most prominent by the curved surface
morphology of its interior. Again this does not appear to be due to oxide growth, but
a result of strain on the crystal lattice. The very small depression is only evident at
the boundary locations between the different semiconductor crystals showing greatest
curvature, and not on the interior of the region, this may be due to the surface
relaxation at these locations of greatest strain. The curved pattern visible on the
surface of the interior of the region, especially near the MQW is again likely to be a
consequence of strain of the crystal lattice which is grown on the heavily curved
mesa. This has not resulted in an overall depression of the region, but has led to a
rougher surface in this area after cleaving that is suggestive of a heavily strained

crystal lattice2.

1.32 nm 240nm
<emem- >
640nm
0.00 nm
4<>5nm
725nm
< | 2

Figure 9.3 (2570nm)2 topographic image of the BH-MQW active region and mesa
structure. The curved mesa structure is visible in this image, highlighted by dashed white
line A. The entire curved region is outlined by the dashed lines and dimensions and
position relative to the active region are labelled.

When compared to the surface topographies due to oxide growth seen on the planar

quantum well lasers, it is evident that a different mechanism is responsible for the
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surface morphologies observed for the BH-MQW laser. The argument given above
for strain induced surface relaxation is also supported by the oxide growth pattern that
is observed at the same location after a greater time has elapsed since cleaving, as
seen in Figure 9.4. The oxide growth seen is heavy as indicated by the maximum
height contrast of 22.99nm, compared to 1.32nm in the previous image. The location
of the active region is denoted by the red trapezoid, and is not reflected by the surface
oxide growth at all, none of the features previously discussed are apparent in the form
of the oxide growth pattern. If the previously observed features were a result of the
early stages of oxide growth then they would still be apparent after further oxide

growth, thus supporting the surface relaxation mechanism.

22.99

0.00 nm

Figure 9.4 Topographic image (5000nm): of the active region and mesa structure. The
location of the active region is represented by red trapezoid, and is obscured by the
heavily built up oxide.

9.5 BH-MQW laser: Photocurrent imaging

Photocurrent imaging utilises the NSOM probe to optically excite charge carriers in
the device within a nanometer scale excitation volume directly beneath the probe
aperture. If the carriers are sufficiently separated, by an electric field, then they in
turn induce an internal electric field that results in the flow of a current, which is
measured and mapped via the external amplifiers. Thus the contrast mechanism of
near-field photocurrent imaging is a direct measure of the local electric field within

the device. Hence the larger the intensity of the photocurrent signal the stronger the
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local electric field at the point of carrier excitation. However, the intensity of the
photocurrent signal is also dependant upon the separated charge carriers conducting to
the external circuit, therefore the actual measured intensity is a convolution of the
local built-in electric field strength and efficiency of the carrier conduction path. Note
that when performed at 0 Volts applied bias a photocurrent is only induced at
locations where there exists a built-in field, i.e. at pn-junctions. Within the bulk
regions of the device there exists charge neutrality and thus no field to separate
excited electron—hole pairs which quickly recombine, therefore not generating a
photocurrent signal at such locations. The photocurrent imaging technique is
therefore extremely powerful in directly visualizing and mapping pn-junctions and
assessing the efficiency of the conduction path to the external electrical contacts of

the device.

The photocurrent images displayed in this chapter were acquired within a twelve hour
period immediately after device cleaving, thus minimizing the negative effects of
surface oxide growth on the photocurrent intensity and resolution. All images were
recorded after optimizing the shear-force and lock-in amplifier parameters, which
were kept consistent throughout. Imaging was performed with the sample in
equilibrium, i.e. O volts applied bias. An NSOM probe of 50nm diameter aperture
(stated manufactured diameter) was used; fortunately a single probe was used in the
acquisition of all images, reinforcing the consistency of the experimental technique.
Again photocurrent images were recorded for two excitation sources, 1.96eV and
2.55eV, the results of which are discussed in depth. For full details of the

experimental configuration, procedure and parameters refer to chapter 6.

9.5.1 BH-MQW laser photocurrent characteristics and excitation energy

The photocurrent signal is the result of electron—hole separation and subsequent
minority carrier transport across a pn-junction, thus the photocurrent can be used to
effectively image pn-interface distribution and properties. The buried heterostructure
multi-quantum well laser consists of three pn-junctions arranged in a pnpn thyristor
structure, designed to channel injected charge carriers into the enclosed MQW active
region to combine via stimulated emission. Therefore the technique of near-field

photocurrent imaging is highly applicable to BH-MQW lasers, as is demonstrated in
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Figure 9.5. The curved mesa structure and current blocking layers are clearly visible

in both images either side of the central bright MQW active region.

(2) (b)

Figure 9.5 (5000nm)2 photocurrent images using (a) 488nm (2.55e¢V), and (b) 633nm (1.96eV)
excitation sources, all other measurement parameters remained constant. The photocurrent imaging
technique clearly identifies the MQW active region and adjacent curvature ofthe mesa structure. The
black arrow parallel to the ////-junction interface is used for explanation within the text, whereas the
white arrows denote the location of'the //-InP blocking layers.

The interface of the curved mesa structure is very clear, sharply defined at the top of
the //-InP substrate, sandwiching the MQW region. The MQW active region is not
clearly distinguishable, in the direction parallel to the black arrow in Figure 9.5(a),
from the bright photocurrent band excited at the //-InP substrate and //-InP blocking
layer interface (refer to Figure 9.1), as it adjoins the two curved sides of the mesa
structure. However, the MQW active region is resolvable via the photocurrent
intensity as will be discussed in detail later. The photocurrent levels rapidly decay
into the bulk region of the //-InP substrate in the absence of an electric field to
facilitate carrier separation, as the bulk substrate contains no built-in field and the

experiment is performed at 0 volts applied bias.

Dark regions are clearly resolved either side of the active region, labelled with white
arrows in Figure 9.5(a) and (b), these can be attributed to the /7-InP blocking layers
exhibiting good carrier confinement, as previously reported by Buratto et a/3. The //-
InP blocking layer displays low photocurrent intensity as it is contained within two

oppositely directed ////-junctions (refer to Figure 9.1). The resolution of the structure
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appears in these images to be higher on the left, i.e. the #-InP cladding side, than on
the right, p-InP cladding layer, for both the current blocking structure and active
region. This is due to the nature of the near-field photocurrent imaging technique and

will be fully discussed later.

The images of Figure 9.5 were acquired using identical measurement parameters, the
only difference being the excitation sources used, (a) 488nm (2.55eV), and (b) 633nm
(1.96eV), which are sufficiently energetic to excite electrons across the band-gap of
the various InP layers that is 1.35e¢V (at 300K). Both images show excellent
resolution capabilities on the BH-MQW laser and very similar features. The
photocurrents attained at both wavelengths are extremely uniform parallel along the
pn-junction interfaces within the structure (i.e. parallel to the black arrow in Figure
9.5(a)), indicating uniform doping along the interfaces. This characteristic infers
uniform crystal growth upon the re-growing of the thyristor structure on the curved
mesa after etching. This is contrary to observations made by Buratto et al’ who
reported highly undefined pn-junctions formed upon re-growth of the blocking layers,

causing weak irregular photocurrent signals.

The photocurrent response of the MQW active region in the direction parallel to the
growth direction (i.e. parallel to the black arrow in Figure 9.5(a)) is highly uniform
for both excitation energies displayed in Figure 9.5. This again is highly contrasting
to measurements made by Buratto et al’, who report an asymmetrical photocurrent
response of the MQW active layer in the direction parallel to the active layer. Buratto
et al’ attributed this to dopant diffusion into the active region, opening up

recombination centres and leakage paths directly through the MQW.

The intensity of the bright n-InP substrate / p-InP blocking junction is almost exactly
85% of the uniform intensity of the MQW active region, for both excitation sources.
However, there are subtle differences that are not extremely apparent from the images
of Figure 9.5, but are revealed in the three-dimensional plots of Figure 9.6 for 488nm
(2.55eV) excitation, and Figure 9.7 for 633nm (1.96eV) excitation, and shall be

discussed further.
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Figure 9.6 (5000nm)2 3D-photocurrent image using an excitation source of 488nm (2.55eV).
The image clearly shows the curved mesa shape of the /7-InP cladding / //-InP blocking pn-
junction, and MQW active region, as the single bright ridge labelled a. The /?-InP blocking layer
is also visible, labelled b, and appears as a dark trough.

/[-InP
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w-InP
cladding

0 pim

Figure 9.7 (5000nm)2 3D-photocurrent image using an excitation source of 633nm (1.96eV).
Photocurrent imaging at the lower excitation energy displays a greater sensitivity to the band
structure of the device. The prominent features of Figure 9.6 remain equally as intense; however
the ////-junctions of the //-InP blocking layer are considerably more pronounced, as highlighted by

c and d.
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The strongest photocurrent response is similarly seen for both wavelengths to be
occurring within the MQW active region (a;s labelled in Figure 9.6). However, the
photocurrent characteristics of the remaining pn-junctions of the buried
heterostructure vary according to the excitation energy used. Figure 9.6 was acquired
at the higher excitation energy of 2.55¢V (488nm), and shows a very strong
photocurrent response at the pn-junction of the »n-InP cladding layer and p-InP
blocking layer, labelled a in Figure 9.6. The location of the n-InP blocking layer is
also prominent, revealed as a ‘trough’ of low photocurrent response adjacent to the

MQW, labelled b in Figure 9.6.

These features are also apparent when imaging at the lower excitation energy of
1.96eV (633nm), as in Figure 9.7. However, at this excitation low intensity
photocurrent peaks are also clearly apparent, and are attributed to the pn-junctions
enclosing the »-InP blocking layer, i.e. the p-InP blocking / n-InP blocking junction
(labelled ¢ in Figure 9.7), and the n-InP blocking / p-InP cladding junction (labelled d
in Figure 9.7).

Upon close inspection of Figure 9.6 acquired at the high excitation energy 2.55eV
(488nm), it is apparent that the low intensity photocurrent peaks (labelled ¢ and 4 in
Figure 9.7) are also present, however not as prominently. Note the photocurrent
features discussed are present for both excitation sources, albeit at differing
intensities, however, importantly the locations (i.e. physical separation) of these
features are constant and independent of the excitation source. Also the separation of
the photocurrent peaks corresponds with the geometry of the buried heterostructure
MQW device, therefore the photocurrent peaks may be attributed to the physical
locations of the various pn-junctions of the device. This is further illustrated by the
cross-sections of Figure 9.8 which are taken directly through the pmpn thyristor
blocking structure, as illustrated by the blue arrow in Figure 9.7 (and cross-section 2
in Figure 9.9). Cross-sections are represented for both excitation energies and are
normalised for the maximum amplitude of the n-InP cladding / p-InP blocking
junction labelled a, and overlaid for correlation. The locations of the photocurrent
peaks a, ¢, and d, and the low photocurrent trough b, are similarly labelled as in the
previous 3-dimensional Figure 9.6 and Figure 9.7. It is apparent that the spacing of

these features is identical for both excitations, and their positions relative to the
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largest n-InP cladding / p-InP blocking junction peak are denoted within the Figure
9.8.

R ELETTTEIE SRS

c 633nm
KT = (1Y6ceV)

Normalised photocurrent intensity

N
4

——m—————

Cross-sectional distance (pm)

Figure 9.8 Normalised photocurrent cross-sections perpendicular through the pnpn
current blocking thyristor structure. The cross-sections are normalised and aligned for
comparison. The left hand side starts in the n-InP cladding layer bisects the blocking
structure and ends on the right in the p-InP cladding layer.

The cross-sections highlight the differing photocurrent response of the device to the
two excitation sources and highlight the lateral correlation of features, indicating that
it is differences within the photocurrent intensity response of the features to the
different excitations that is resulting in an apparent enhancement in resolution at the

lower 1.96eV (633nm) excitation.

In order to interpret the differences in photocurrent according to the excitation energy,
consider the origins of the generated photocurrent. The NSOM probe locally excites
electron-hole pairs within the illumination volume of its aperture (approximately the
diameter’) providing the wavelength is sufficiently short, i.e. the excitation energy is
greater than the band-gap energy. When this occurs within the presence of an electric
field i.e. at a pn-junction, the photo-excited minority carrier is swept across the pn-
interface by the built-in field, and a photocurrent propagates. The spatial resolution of
near-field photocurrent imaging is thus a function of the NSOM aperture diameter, the

absorption length, and the minority carrier diffusion length, as discussed fully in
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chapter 5>*>%. The minority carrier diffusion length is a function of the carrier
mobility, which is independent of the excitation energy, and the minority carrier
lifetime. The minority carrier lifetime describes the time interval between the original
carrier excitation and its final recombination across the band-gap with an opposite
carrier, i.e. the transition for electrons from the conduction band edge, across the
band-gap to recombine with a valence band vacancy. However, in order for an
electron to undergo recombination it must have energy equivalent to the conduction
band edge. In this case, electron-hole pairs are photo-excited in the photocurrent
imaging process using energies greater than the band-gap energy, and therefore photo-
stimulated electrons are elevated in energy above the conduction band edge by an
amount corresponding to the energetic difference between the excitation energy and
band-gap. Therefore for different excitation sources, the photo-excited electrons will
posses different energies within the conduction band. Prior to recombination, the

2! to the conduction band edge by

excited electrons undergo intraband relaxation
electron-electron scattering, electron-phonon scattering, and electron-impurity
scattering, for a duration called the relaxation time of the order 10"%sec *?'. Thus
electrons photo-excited at different energies will undergo a different amount of
intraband relaxation to reach the conduction band edge, and thus experience different
relaxation times, i.e. the higher the excitation energy, the longer the relaxation time,

and thus the greater the minority carrier lifetime.

A minority carrier with a greater lifetime will be influenced by the built-in field of a
pn-junction for a longer duration, and thus the photocurrent stimulated by a higher
energy source will be increased in intensity for a given pnm-junction. Also an
increased minority carrier lifetime implies an increased minority carrier diffusion
length, and thus a pn-junction will appear broader to a higher excitation source. This
is apparent for the cross-sections displayed in Figure 9.8, where the photocurrent
response at 2.55eV (488nm) excitation appears increased in intensity and broader at
the pn-junctions. The increased photocurrent response at 2.55eV (488nm) of the
closely spaced peaks at @ and ¢ reduces their resolution, compared to 1.96eV

(633nm), and although still present the peak at ¢ is not as apparent.

The band-gap of the InP layers is 1.35eV, which is inferior to both the excitation

sources utilised for this study. However it is apparent that the photocurrent imaging
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contrast is optimised when the probing excitation energy is closer to (but greater than)
the band-gap energies of the structure under analysis. This is similar to the
photocurrent imaging of Schottky diodes, in which the contrast is optimised when the
excitation energy is close to (but greater than) the Schottky barrier energy’. Therefore
further discussions presented hereafter will be based on images generated using the

1.96eV (633nm) excitation source.

9.5.2 Correlation of photocurrent and topography

Buried heterostructure multi-quantum well laser diodes are inherently extremely flat
in the cleaved plane used for cross-sectional imaging. Near-field photocurrent
imaging has previously been performed on a number of structures including laser

4,6,10,11,12 P® on buried

heterostructures , and particularly work by Buratto et a
heterostructure multi-quantum well laser devices who saw no topographical features
related to the device structure. This is in contrast to the topographical data already
presented and discussed within this chapter that display the finely defined profile of
the MQW active region, and even the faint profile of the curved mesa and one or both
of the re-grown InP current blocking layers (see Figure 9.3). These images (Figure
9.2 and Figure 9.3) were acquired simultaneously with photocurrent images generated
using the favourable 633nm (1.96eV) excitation source. Correlation between the
device physical structure and electronic photocurrent response is thus feasible and is

discussed in this section.

The correlation of photocurrent with topographical device geometry, made possible
by their simultaneous acquisition, is extremely useful in the interpretation of the
photocurrent data with respect to the electronic properties of the device. The
photocurrent image of Figure 9.9 is overlaid with the black dotted outline of the
corresponding topographic features, as recorded in Figure 9.3. When displayed in this
format it is clear that the curved region seen in the topography is due to the p-InP
blocking layer. The two curved edges of this region coincide with intensity maxima
in the photocurrent signal, indicating the presence of pn-junctions at its boundaries,
whereas there are none within the region, indicating that the curved structure seen in
the topographic image is solely due to the p-InP blocking layer, not both p and n —
type blocking layers. If the curved topography did contain both p and n —type
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blocking layers the photocurrent would peak at both edges and at some point within

the boundary due to the additional pn-junction.

MQW active
region

Cross-section 1

M-InP />-InP
cladding cladding

Cross-section 2

Figure 9.9 (2570nm)2 Photocurrent image using the 1.96eV (633nm) excitation. The black
lines outline the simultaneously recorded topographical features of Figure 9.3, coordinating
the photocurrent with the physical geometry.

The location of the /?-InP blocking layer confirms that the dark trough in the
photocurrent signal is due to the «-InP blocking layer. The photocurrent level is low
in this material as the n-InP blocking layer is contained within oppositely directed pn-
junctions, resulting in increased confinement of charge carriers. This will be

discussed further when addressing the band profile across the pnpn blocking structure.

The correlated image of Figure 9.9 also marks the location ofthe MQW active region,
located very close to the left hand edge, i.e. the «-InP cladding layer side, of the
central bright photocurrent region. This is clearly emphasised in the 3-dimensional
representation of the arithmetic superposition of simultaneous topographic and
photocurrent data shown in Figure 9.10. There is a large photocurrent signal seen
towards the p-InP cladding edge of the active region which persists away from the

active region, labelled x in Figure 9.9 and Figure 9.10, and this is addressed within the
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next section. This is contrasting to the photocurrent signal on the «-InP side of the
active region which decays sharply away from the active region within a much
smaller distance. The location ofthe active region in respect to the large photocurrent
signals of the neighbouring /?«-junctions is also very clear from this image, and shows
excellent agreement with the designed structure of the device as shown in Figure 9.1.
Note the separation, labelled with a blue arrow in Figure 9.10, between the highly
confined «-InP blocking layer (seen as a dark trough) and the MQW. The physical
separation of these layers within the structure is essential in preventing dopant
diffusion from the blocking layer into the MQW that can result in the formation of
non-radiative recombination centres or leakage paths directly through the active
region, as seen by Buratto ef aP.

M QW active

region

-MEW'S

6402V

Figure 9.10 3-D Arithmetic superposition of a (2570nm)2 topographic image and simultaneous
photocurrent image at 1.96eV (633nm) excitation. The exact location of the MQW active region
is displayed in respect to the photocurrent response of the device. The MQW is positioned
toward the left edge of the bright central photocurrent peak.

9.5.3 Multi-quantum well active region

The maximum photocurrent intensity was measured when the near-field probe was

over the MQW active region, where the band-gap energy of the quantum wells is
= 0.84eV; and the barriers EgBameT = 1.04eV. This is substantially lower than

1.35¢V for the InP blocking layers and substrate, and thus may explain the superior

photocurrent stimulation detected for the active region. The second largest

photocurrent response was the /z-InP cladding / /?-InP blocking junction which was
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85% of the intensity of the active layer. This observation is contrasting with
measurements made by Buratto et «/3, who recorded slightly lower photocurrent
intensity in the active region than seen in neighbouring pn-junctions. This was
attributed to the loss of excess momentum by excited carriers which subsequently
become trapped within the MQW, thus inhibiting the photocurrent formation,

although it must be noted that a sizable photocurrent was still observed.

The MQW active layer is undoped and designed to be 134nm total thickness. It is
grown between two 500nm thick undoped InGaAsP cladding layers (Figure 9.1),
which are designed to prevent dopant diffusion from the adjacent blocking structures
into the MQW. Therefore, the theoretical total width ofthe intrinsic layer of the p-i-n
device is 1134nm. This correlates well with the full width at half maximum of the
photocurrent intensity distribution perpendicular across the active region, as shown in
Figure 9.11, where the FWFIM is approximately 1000nm. However, although the
band-gap is smaller within this region, aiding the photo-separation of charge carriers,
theoretically there should be a weak field acting to facilitate the separation of these
excited electron-hole pairs and induce the transportation of a photocurrent. This
suggests that dopant diffusion to within the active region, i.e. the 500nm InGaAsP
cladding layers, has occurred establishing an increased built-in field, however this
does not imply diffusion into the MQW super-lattice as the photocurrent response

parallel to the active layer is highly uniform.

w-InP InGaAsP InGaAsP p-InP
cladding cla]dding cladding
a
wii
MQW
0 513 1026 1539 2052 2565 nm
Distance

Figure 9.11 Cross-sectional profile of the photocurrent response in a perpendicular direction
through the centre of the MQW active region, cross-section 1 in Figure 9.9. The location of
the MQW as correlated with topographic data is labelled and highlights the asymmetry of the
photocurrent signal about the active region.

160



9. Results: Buried heterostructure multi-quantum well laser

The cross-sectional photocurrent distribution shown in Figure 9.11 corresponds to the
location marked Cross-section 1 in Figure 9.9, which perpendicularly bisects the
active region. The maximum photocurrent intensity occurs within the MQW however
the response of the MQW is asymmetric in this direction (i.e. perpendicular to
growth), with the maximum level occurring at the p-type boundary. The photocurrent
response at this location is characteristic of a pn-junction existing there, where the p-
sided InGaAsP cladding layer forms the p-type material and the MQW acts as the n-
type material. n-type-like behaviour of a MQW in a buried heterostructure has
previously been reported using scanning capacitance microscopy, SCM'. This
response is reflected throughout the whole of the central intrinsic region of the device,
InGaAsP/MQW/InGaAsP, seen as the high degree of asymmetry in the
aforementioned cross-section. The photocurrent intensity decays rapidly away from
the MQW towards the n-InP material on the left, whereas the photocurrent intensity
towards the p-InP material on the right remains high over a much greater distance.
This indicates that excited carriers are being separated by a field and leaking past the

MQW without becoming trapped within the wells and undergoing recombination.

The “smearing” of the photocurrent on the p-type side of junctions is not isolated to
the active region, although emphasised here due to the broad intrinsic region, and is a
characteristic seen at all the pn-junctions of the buried-heterostructure. The depletion
region of the pn-junctions of the device is typically four or more times wider within
the p-type material than in the n-type, this is a direct consequence of the diffusion
lengths of the minority carriers. When an electron-hole pair is photo-excited within
the p-type depletion region the electron is the minority carrier and is transported
across the pn-junction by the built-in field thus inducing a photocurrent to flow, the
opposite case occurs for the n-type depletion region. However, electrons have a much
greater mobility than holes (. = 4600 cm?/V s and py = 150 cm*/V s at 300K)"
resulting in a much greater electron diffusion length and hence a photocurrent can act
further into the p-type material. Therefore the photocurrent always appears
“smeared” into the p-type material. Similar observations have been reported by
several groups who all found the minority carrier diffusion length to dominate the

resolution of photocurrent imaging™*%’.
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The photocurrent intensity in the MQW was at a maximum and uniform, parallel to
the MQW, over the active region. Therefore, by optimising the image contrast it is
possible to profile the MQW active region by its photocurrent response. Figure 9.12
shows the contrast optimised photocurrent profile of the MQW to be very suggestive
of the trapezoidal form seen in the topographic image of Figure 9.2. Although this is
a rather crude measurement the approximate dimensions ofthe photocurrent profile of
1000nm x 250nm are comparable to the topographic dimensions of 1300nm (average

length) x 240nm, which can only infer the similar proportions ofthe side lengths.

~ 1000nm

250nm

Figure 9.12 Photocurrent profile of the MQW active region. Photocurrent image
with the contrast optimised to display only the maximum intensity zone of the active
region.

The similarity between both topographic and photocurrent profiles is testament to the
nanoscale illumination volume of the NSOM probe. The probe used in this
experiment had an aperture diameter of 50nm, also the near-field optical penetration
depth in the semiconductor is of the same order4, and therefore photocurrents are
generated within this volume at the sample surface. This enables the photocurrent
measurements to follow closely the sample structure with high resolution, as is

reflected in the profile of the MQW active region.
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9.6 The effectiveness of the pnpn blocking structure and the implications of
leakage currents in buried heterostructure lasers

The buried-heterostructure MQW laser aims to tightly confine both charge carriers
and photons to the active region. The pnpn current blocking layers are designed to
channel charge carriers into the active region for recombination via stimulated
emission, however the efficiency that they perform this task is the fundamental

weakness in BH-MQW laser devices.

The pnpn blocking structure consists of three /?«-junctions with the middle junction in
the reverse direction to the outer pair, as illustrated in the energy band diagram of
Figure 9.13. The «-type blocking layer is enclosed within oppositely directed pn-
junctions causing the increased carrier confinement which results in the low
photocurrent intensity seen in the /t-InP blocking layer. The high carrier confinement
of the fl-InP blocking layer suggests the pnpn structure prevents direct conduction of

charge carriers across this region and thus channels them towards the active region.

//-InP //-InP //-InP //-InP
cladding blocking blocking cladding
VH= 1.316eV
1.226eV
Alternative leakage path through structure
Depletion width, D = 56.6nm Depletion width, D = 69.3nm
(dp - 45.9nm ; dn= 10.7nm) (dp - 61.2nm ;dn=8.1nm)

Figure 9.13 Schematic of the electronic band structure in a transverse direction
through the pnpn current blocking structure. The barrier energies and depletion
widths labelled were evaluated from the theoretical doping concentrations.
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However the weakness lies in the coupling of the blocking structure to the active
region, as discussed previously, in the ideal scenario the highly confined «-type
blocking layer would be grown to the edge ofthe MQW. In reality this is not possible
as an intrinsic buffer layer is necessary to prevent dopant diffusion directly into the
MQW, as displayed in the schematic of Figure 9.14. A physical conduction path
around the MQW therefore exists, passing directly from the /?-InP cladding layer, via
the intrinsic InGaAsP cladding, and p-InP blocking layer, to the «-InP cladding layer,
as illustrated by the blue arrow in the schematic Figure 9.14 and electronic band

diagram Figure 9.13.

p-InP cladding

«-InP
blocking

A-InP
blocking

H-InP cladding

Figure 9.14 Schematic of the buried heterostructure MQW laser, the blue
arrows mark the primary leakage path transporting charge carriers past the
MQW active region. Conduction via this route occurs when photocurrent
imaging, and is responsible for electroluminescence external to the MQW.

Although a physical conduction path exists, theoretically the passage of charge
carriers via this route is electrically blocked by the depletion regions at the comer of
the mesa structurels. By enhancing the depletion width in this area the possible
conduction path width is minimised and ideally blocked. However this does not
appear to occur very efficiently within the actual device, and is the most probable
conduction path responsible for photocurrent conduction. For example the large
photocurrent intensity generated at the «-InP cladding / p -InP blocking junction needs
transport to the external circuit contacts, directly across the pnpn structure is
energetically unfavourable, directly through the MQW would lead to carrier
confinement and recombination, therefore the remaining and most probable path is

between the two structures. This was the finding of Ban ez a/13,1516 who studied BH-
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MQW lasers using a variety of techniques including scanning capacitance (SCM),

voltage (SVM), and spreading resistance (SSRM) microscopy’s.

The fact that such strong photocurrent signals were measured across both p and n
sides of the structure indicates that a leakage path was open facilitating the conduction
of the photo-stimulated current to the external device contacts. Although near-field
photocurrent imaging cannot directly locate leakage paths it does highlight their
presence, and using the capability to directly image pn-junctions throughout the
device and the degree of minority carrier transport occurring at each, it is feasible to

locate probable leakage pathways.

The transverse band profile of the pnpn region, as shown schematically in Figure
9,13, was calculated as described in chapter 4, using the theoretical dopant
concentrations used in manufacturing the device. The band profile is fitted to the
measured widths of the topographic data and plotted along with normalised

photocurrent cross-sectional profiles in Figure 9.15.
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Figure 9.15 Transverse cross-sections of pnpn structure photocurrent response at 2.55eV and
1.96eV excitation energies. The band profile calculated from theoretical dopant concentrations
and measured dimensions is plotted on the same axis.
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When plotted in this format it is easy to see the correlation between the topographic
measurements and the photocurrent response. The pn-boundaries all display peaks in
the photocurrent irrespective of direction, just inside the p-type depletion region, and
the intensity decreases into the bulk regions away from the junctions. The greatest
response is as mentioned previously at the n-InP cladding / p-InP blocking interface,
the remaining two pmn-junctions at the n-InP blocking layer display a lower
photocurrent response that are similar in intensity. The n-InP blocking layer displays
increased carrier confinement, and this is responsible for the lower photocurrent seen
at its pm-junctions. However it must be noted that whilst increased carrier
confinement is displayed, it is not total confinement and a current does flow, as shown
by the photocurrent not decreasing to zero in this region. This is indicative of carrier
leakage from within the n-InP blocking layer, although on a much smaller scale than
the previous leakage path discussed. The photocurrent at the pn-junctions of the n-
InP blocking layer is reduced in amplitude as photo-excited electrons in the p-type
depletion region are driven across the junction into the n-type material, as illustrated
in Figure 9.13, where they are spatially restricted and the passage of a photocurrent is
highly inhibited. The passage of a restricted photocurrent to the external device
contacts indicates the presence of a leakage path and this may possibly be occurring at

the apex of the n-InP material.

9.7 Optical characterisation: Collection NSOM

The device was powered and the active region and surrounding mesa scanned using
the nanoscale aperture of the NSOM probe to collect light at the sample surface, as
described fully in chapter 6. The resolution of collection NSOM is determined by the
dimensions of the near-field aperture used to sample the optical field"'°. The near-
field volume of the aperture is assumed to be the same in collection as it is in
illumination i.e. of the order of the aperture diameter cubed. Thus light generated
within or passing into the near-field volume of the aperture is coupled into the NSOM
probe at each pixel of the image, therefore the resolution is determined solely by the
aperture diameter which in this case is 50nm (quoting the manufacturer). Light
passing up the NSOM probe and fibre tail is measured by focussing directly onto an
avalanche photodiode APD, the integration time of which determines the scan rate.
When using a S0nm diameter aperture the intensities of light coupled into the NSOM

probe are very low and require a long APD integration time, resulting in an image
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acquisition time of approximately Shours. This has direct implications on the
maximum power at which the device can be driven during imaging, as not only does
the sample heat and expand; it also affects the mechanical interaction of the NSOM
probe. As the probe passes through the intense optical field of the active region,
illumination by the device induces thermal modifications of the physical properties of
the probe as a function of position, causing the shear-force feedback condition
regulating probe-sample separation to become very unstablel7,181920. Therefore the
operating power of the device must be sufficiently low so as not to affect the stability
of the shear-force condition during the long acquisition time of collection NSOM

using an APD.

(a)

129 Counts

12 Counts

/»InP
blocking

Figure 9.16 (a) Collection NSOM image ofthe BH-MQW laser powered at 1.13V; 98mA, which
is above the laser threshold. The image was acquired using an APD at 10ms integration time per
pixel and shows the bright optical output of the active region and surrounding
electroluminescence. The modal pattern of the active region is emphasised in (b) by optimising
the contrast to show only the higher intensities.

The buried heterostructure multi-quantum well laser not only influences electrical

conduction pathways as discussed, but also serves as a waveguide confining
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stimulated light to propagate along the active layer, and is reflected in the optical field
measured at the emitting surface, as seen in Figure 9.16. The intensity of light
measured is tightly localised to the active layer and shows over 100 counts greater
APD signal than any background scattered light or electroluminescence. This is a
consequence of the device structure (Figure 9.1) and shows that it is functioning as
designed. The waveguide properties of the device centre on the multi-quantum well
active layer which has a much greater effective refractive index than any of the
surrounding InP blocking layers and InGaAsP cladding layers, thus confining
propagating light to the active layer by a refractive index distribution much like an

optical fibre.

The dimensions of the MQW active layer are designed to allow the laser to stably
operate only in a single transverse optical mode; the length parallel to the MQW is so
small that only the fundamental lateral transverse TE mode can propagate, as it has
the lowest laser threshold®'. The distribution of the laser mode in the lateral and
vertical directions is displayed in the cross-sections of Figure 9.17. In the direction
parallel to the active layer, the lateral transverse direction, there is very high optical
confinement of over 90%. The full width at half maximum, FWHM, measures
1400nm, whereas the active MQW region was trapezoidal in structure with side
lengths of 1100nm and 1500nm (average length 1300nm) in this direction. In the
direction perpendicular to the active layer, the vertical transverse direction, the optical
confinement is low, with a confinement factor of approximately 20% resulting from
the small width of the active layer’?'. This is apparent from the FWHM of the
vertical distribution which measures 655nm, when compared to the theoretical MQW
width of 134nm, or the active region width measured from the topographic data of

240nm.

The optical distribution measured in the near-field collection image indicates that
collection NSOM not only detects light generated within the near-field volume of the
probe aperture, but is also highly sensitive to waveguide modes consisting of light
generated within the bulk material and guided to the surface of the active region, and
hence into the near-field collection volume of the probe. This is primarily indicated
by the elliptical profile collected over the active region, as seen in Figure 9.16(b),

which demonstrates the modal distribution of the laser. This is in contrast to the
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trapezoidal form of the MQW active region, as seen in the topographic image Figure
9.2 and photocurrent image Figure 9.12. Ifcollection NSOM was only sensitive to, or
dominated by light generated within the near-field volume of the aperture then this
would be indicated by a trapezoidal form in the collection profile. This is in
agreement with earlier collection NSOM results of Buratto et al and Herzog et al’*.
The collection NSOM image probably consists of a combination of waveguide and
near-field modes, however the intensity of light generated within the near-field of the
probe will be a tiny fraction of the waveguide intensity, and thus the collection image
is dominated by the waveguide. Buratto et al5 also conducted a study of the
dependence of the near-field distribution on the drive current of the device, finding
the optical output to be much smaller than the active region surface area profile for
drive currents below the laser threshold, and becoming elliptical at and above the
threshold for lasing. This confirms that the collection NSOM image of Figure 9.16

was conducted with the device operating above the laser threshold.
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Figure 9.17 Cross-sections of the laser mode in the vertical and lateral directions.
The cross-sections are labelled in Figure 9.16(a).

The collection NSOM image of Figure 9.16(a) displays the optical output of the BH-
MQW device operating above its laser threshold at 50nm resolution, it is clear that the
device displays high optical confinement to the high refractive index MQW active

region. However there is also light emitting external to the active region, the highest
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9. Results: Buried heterostructure multi-quantum well laser

intensity of which occurs at the adjacent pn-junction between the n-InP cladding / p-
InP blocking layers, as marked by the dashed black line in Figure 9.16(a), and is
approximately 30% of the intensity of the active region (45 counts). The position of
this bright fringe correlates perfectly with the location of the #-InP cladding / p-InP
blocking junction in the photocurrent images. The level of light measured along this
pn-junction is indicative of electroluminescence due to recombination of injected
carriers. This is in agreement with the photocurrent imaging that found photo-excited
carriers were leaking past the MQW and conducting to the external device contacts,
probably conducting between the n-InP blocking layer and the MQW. The reverse
situation is being measured in the collection NSOM image where the powered device
displays injected carriers leaking past the blocking structure and MQW active region
and recombining at the n-InP cladding / p-InP blocking junction resulting in
electroluminescence. Or more accurately, holes injected at p-InP contact are leaking
past the blocking structure and active region to recombine with electrons injected
from the n-InP contact at the n-InP cladding / p-InP blocking junction. The intensity
of electroluminescence is greatest over the curved mesa region of the pn-junction, and
is a slightly lower constant intensity along the straight interface region, indicating a
significant degree of carrier recombination external to the active region. This results
in lowered operational efficiency, the main consequence of which is an increased
lasing threshold for the device, as predicted by photocurrent imaging. The use of a
multi-quantum well active region serves to increase carrier confinement once within
the active region and optically confine photons, both increasing efficiency and
reducing the threshold current. However the main weakness of the device is in
optimising the manipulation of the conduction of injected carriers to the active layer.
The n-InP blocking layer is dark displaying no electroluminescence and again a high
degree of carrier confinement, confirming the probable leakage pathway running
between the blocking structure and active region, and effectively eliminating the

possibility of leakage directly across the blocking structure.

Note there are very low intensities of light detected at other locations, most notably
over the InGaAsP cladding layer on the p-type side of the active layer, clearly
visualized as an asymmetry in the residual tails of the vertical cross-section in Figure
9.17. This could possibly be the result of low levels of electroluminescence due to

injected electrons leaking directly through the active region, thus correlating with
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comparably high photocurrent levels seen at this location. However it is most
probable to be background light leaked from within the bulk of the active layer and
scattered to the surface of the device. This scenario is supported by the low
background intensity level measured across the surface of the device, particularly in
the p-type and intrinsic materials, and in comparison to the stronger n-InP cladding /

p-InP blocking junction electroluminescence.

9.8 Summary

The combination of shear-force topographic imaging, near-field photocurrent
imaging, and collection NSOM has proved very powerful in analysing the operational
efficiency of buried heterostructure multi-quantum well lasers, and successfully
demonstrated the following.

e Unprecedented sensitivity to the surface topography, detecting the location of
the active region and surrounding mesa structure, thus allowing accurate
correlation with simultaneous photocurrent measurements.

e Photocurrent imaging has directly mapped the location of the active region in
relation to the surrounding pnpn blocking structure.

e The distribution of the pn-junctions of the pnpn blocking structure has been
imaged, including the extent of the corresponding depletion layers.

e The location and electronic confinement of the current blocking layers has
been measured, allowing the success of the buried heterostructure in charge
confinement to the active layer to be evaluated and potential leakage paths to
be identified.

o The optical characteristics of the operating device have been directly imaged
with (approximately) SOnm lateral resolution, thus assessing the optical
confinement characteristics of the device, and identifying unwanted
electroluminescence external to the active region.

Buried heterostructure multi-quantum well lasers are highly complex devices in both
their operation and fabrication. The various imaging modes of NSOM utilised within
this work have proved very informative in the analysis of the structural quality of such
devices, and their operational characteristics. The photocurrent response to different
excitation energies proved to vary the contrast and resolution of such images, and thus

may be exploited further with the application of different excitation sources. The
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9. Results: Buried heterostructure multi-quantum well laser

value of NSOM in analysing such devices has been demonstrated, and would prove
complementary to other analysis techniques, encompassing different interaction

mechanisms such as STM, for an in-depth analysis of buried heterostructure devices.
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Chapter 10

Conclusions and details of continuing studies

Near-field photocurrent imaging with a current sensitivity of the order 10™'* Amps has
been successfully developed using pre-amp / lock-in amplifier stages together with an
aperture near-field scanning optical microscope. This development was critical in
enabling photocurrent characterisation of electronic and optoelectronic devices with

sub-micron scale lateral resolution, and these are summarised in turn below.

Schottky samples

The capability of near-field photocurrent imaging in the analysis of the sub-surface,
buried Schottky interface has been successfully demonstrated, imaging lateral
variations in the Schottky barrier properties and locating interface defects. The sub-
micron barrier characteristics, as measured by the photocurrent, correlated closely
with macroscopic I-V measurements which determine the Schottky barrier height of
the contact, and its corresponding ideality factor which reflects the uniformity of the
interface. Near-field photocurrent imaging has been found to be particularly
applicable for the case of flat metal contacts of uniform thickness, where the risk of
topographic imaging artefacts in the optically generated photocurrent signal are
minimised. Imaging artefacts are always a risk when photocurrent imaging a buried
interface, however it has been shown that by using appropriate sample configurations
(i.e. uniform metal contact layers) and scanning at a low rate, the topographic

contamination of photocurrent images can be minimised.

Imaging within this study was performed using two fixed wavelength sources, thus it
was not possible to measure precisely the barrier energy using the classical optical
technique of tuning the photon energy across the excitation edge of the sample, and
plotting the photocurrent yield with the photon energy in a Fowler plot'2, However
the variation of the barrier height was demonstrated using fixed excitation energy.
Moreover, the extent of the depletion region enabled an evaluation of the barrier
energy, as determined by Poisson’s equation®. Photocurrent imaging at zero applied
bias is directly sensitive to the built-in field of the depletion region, thus by imaging at

the Schottky contact perimeter it is possible to directly image the extent of the
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semiconductor depletion region, and thus determine an approximate Schottky barrier

height.

The Schottky barrier height was increased by 0.155eV via annealing the sample at
500°C for 600 sec. This also enhanced the lateral variations of the Schottky interface,
which were reflected by an increase in the ideality factor of the contact, and in the
variation of the photocurrent response’. Demonstrating the value of the near-field

photocurrent analysis of buried Schottky interfaces.

Further Schottky investigations

Since these studies on Ni-SiC Schottky contacts by near-field photocurrent
generation, work by O. Al Hartomy® has concentrated on using the analysis technique
of ballistic electron emission microscopy (BEEM)®, which is based upon the scanning
tunnelling microscope (STM). This requires Ni-SiC Schottky contacts of a similar
thickness to those used within photocurrent investigations, and the system is
configured such that electrons tunnel from the STM tip to the Ni contact layer,
allowing conventional STM images to be acquired from the contact layer. Injected
electrons tunnel ballistically through the Ni layer to the interface, provided the metal
layer thickness is comparable to the mean free path of the electrons. If the electrons
have sufficient energy, determined by the tip-metal bias voltage, they can cross the
interface into the semiconductor, establishing a BEEM current. Thus the barrier
energy can be determined by tuning the tip-sample bias, and lateral interface
properties can be measured by imaging the BEEM current across the sample at a fixed
bias. This technique is complementary to that carried out in near-field photocurrent
studies, and has measured the Schottky barrier height to vary between 1.5-2.3eV over

a similar lateral extent as that recorded using near-field photocurrents.

MQB lasers

The capabilities of the NSOM imaging modes have been further demonstrated by
powerfully combining shear-force topography, near-field photocurrent, and near-field
collection modes, in the characterisation of semiconductor diode lasers.
Investigations were conducted with laser samples oriented in the cross-sectional
configuration, thus the particular laser structures were imaged directly (i.e. not buried

as in the case of Schottky contacts) upon the highly flat, freshly cleaved surface, and
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the risk of topographic imaging artefacts was negligible, if not eliminated entirely.
Shear-force topographic imaging detected the device structure simultaneous to near-
field photocurrent or collection imaging. Therefore the physical device structure can
be correlated with the electronic characteristics determined by photocurrent imaging,
and the near field optical output of the operating device detected by collection

imaging.

GalnP / AlGaInP based quantum well lasers were studied in the investigation of the
effectiveness of multi-quantum barriers (MQB’s) in enhancing the electronic
confinement of the active region. Near-field photocurrent imaging detected the
presence of MQB super-lattices within the laser structures, when compared with
similar devices that did not contain MQB’s, by virtue of a modification to the charge
confinement. By using different optical excitation energies it was possible to analyse
the relative effectiveness of the two different MQB structures investigated, one of
which clearly displayed superior charge confinement. The electronic properties were
correlated with the device structure that was imaged via oxide growth effects.
However, the presence of a surface oxide was detrimental to the photocurrent
intensity and lateral resolution, as large (100nm) diameter aperture NSOM probes
were required. This investigation could therefore be improved by imaging under
vacuum, thus eliminating surface oxides and allowing the use of small (50nm)
diameter NSOM probes. The photocurrent imaging contrast may also be optimised
by using different excitation photon energies, similarly as in the case of Schottky

diodes.

The optical output of the operating devices was characterised in the near-field by
collection imaging, which detected high optical confinement perpendicular to the
active region (i.e. the vertical transverse direction) for all devices. This confirmed
that the incorporation of MQB super lattices into the p-type cladding layers did not

affect the optical confinement of the waveguide region.

BH-MQW lasers
The NSOM has similarly been applied in the investigation of buried heterostructure
multi-quantum well (BH-MQW) lasers. The shear-force topographic imaging mode

displayed excellent sensitivity to detect surface relaxation of the active region and
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surrounding mesa structure of order 10"'°m. Near-field photocurrent imaging directly
mapped the location and distribution of the MQW active region and surrounding pn-
junctions of the buried heterostructure, including the lateral extent of the depletion
regions. This allowed the effectiveness of the buried heterostructure in channelling
injected charge carriers into the MQW active region to be assessed, and probable
leakage paths between the n-InP blocking layer and MQW’s to be identified. The
photocurrent findings were confirmed by collection mode imaging which identified
electroluminescence occurring external to the active region along the n-InP cladding
layer / p-InP blocking layer interface, supporting the probability of current leakage
past the MQW active region, around the edge of the n-InP blocking layer. Collection
imaging also determined the optical output profile of the active region, inferring that

the device was operating at its fundamental mode.

Further laser investigations

These studies have since motivated further NSOM investigations of semiconductor
laser devices, primarily focussing upon the incorporation of a spectrometer with a
highly sensitive CCD detector (peltier cooled to -70°C) to facilitate localised
spectroscopy of operating devices using the NSOM probe as a collector. The
coupling of the NSOM probe fibre tail to a spectrometer with dual detectors permits
the mapping of the laser output at single wavelengths, by coupling the very low
intensity, single wavelength output of the spectrometer onto a highly sensitive
avalanche photodiode detector (APD). The spectroscopic characteristics and lateral
distribution of the spectroscopic output of operating BH-MQW and vertical cavity
surface emitting lasers (VCSEL) are currently under investigation’. Note near-field
photocurrent imaging is utilised within the further investigation of BH-MQW lasers to

facilitate the locating of the active region.

Summary

It is clear that the NSOM developments have significantly contributed to
understanding various semiconductor devices, and the enhanced near-field
photocurrent capabilities are contributing to continued studies within the field. The
powerful ability to analyse buried interfaces simultaneously with surface properties
has been successfully demonstrated. Similarly as the capabilities of the NSOM

techniques in the surface analysis of the cleaved cross-sections of complex
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semiconductor structures. The samples studied highlight the versatility of the NSOM
techniques to investigate a broad spectrum of devices, under a variety of
configurations and operating conditions. The ability of the NSOM to examine and
correlate topographic, electronic, and optical properties is extremely powerful and
provides a valuable tool towards the complete characterisation of devices when

coupled with complementary techniques.
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11. Appendices

Appendix 11.1: Ex-situ SiC wafer cleaning techniques

The following procedures are used to clean SiC wafers prior to deposition of Ni electrical
contacts for both the high vacuum Edwards evaporator and ultra-high vacuum deposition
techniques. The process removes dust, oil based contaminants, organic substances, ionic
contaminants, and etches SiO, surface oxides without modifying SiC, leaving an
atomically clean surface. Note the sample is washed with de-ionised water between

every chemical step of the cleaning process.

Solvent clean
This stage is carried out with beaker containing the sample and cleaning reagents within a
sonic bath.

1. Trichloroethylene - 10mins.

2. Acetone — 10mins.

3. Isopropanol — 10mins.

Piranha clean

The reagents and sample are heated to 75°C using a hotplate.
Cleaning reagents: Sml H,SO4 + 1ml H,0,

Add 1ml of H,O; every Smins.

Total time = 15mins

RCA clean
1. 1ml NH40OH + 1ml H,0, + Sml H,O (de-ionised) for 10mins at 75°C.
2. HF dip for 2mins.
3. 1ml HCI + 1ml H,0; + 1ml H,0O (de-ionised) for 10mins at 75°C.
4. HF dip for 2mins.
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Appendix 11.2: Planar quantum well laser structures

Note, red writing denotes the quantum well active layer, green writing represents the
MQB replacement control layer, and blue writing denotes the MQB layers which are

repeated at the frequency of the accompanying multiplier.

Table 1: Control laser

Layer Thickness (nm) X Doping
GaAs 400 p-2E19 (Zn)
Ga,In P 10 0.52 p-2E18 (Zn)
(Alea] _x)o‘ 52]1‘10.431) 500 0.70 p-5E1 7 (Zn)
(Alea| -x)o_521no.43P 500 0.40 p-5El 7 (Zn)
(AlxGa.x)o.52Ing 48P 900 0.70 p-5E17 (Zn)
(Alea|-x)()‘5zln0.4gP 94.5 0.51 p-SEl 7 (Zn)
(Alea1 -x)o_521n0.43P 90 0.30 Wave guide
GaJn, [P 0.8 =0.41 Quantum well
(AliGajx)o.52Ing 48P 90 0.30 Wave guide
(Al,Ga;.x)o.52Ing 43P 94.5 0.51 n-5E17 (Si)
(AlkGa;.x)o.52Ing 43P 1000 0.70 n-5E17 (Si)
GayIn; P 10 0.52 n-5E17 (Si)
GaAs 332.5 n-2E18 (Si)
GaAs substrate
Table 2: MQB1

Layer Thickness (nm) X Doping
GaAs 400 p-2E19 (Zn)
Ga,In, P 10 0.52 p-2E18 (Zn)
(AlxGaj.x)o.52Ing 43P 500 0.70 p-SE17 (Zn)
(ALGaj.x)o.52Ing 43P 500 0.40 p-SE17 (Zn)
(Alea| -x)0,521n0,4gP 900 0.70 p—5E17 (Zn)
(Alea| -x)0,521n0,4gP 8.7 0.30 p-5E 17 (Zn)
(Al,Gayx)o 52In0 48R x7 42 x7 0.70 %7 | p-SE17 (Zn) *7
(A1,Gay-)o.s21n0.45P) 42 J 030 J [p-5E17(Zn) J
(Alea] -x)0,521n0.43P 9.6 0.70 p-SE 17 (Zn)
(Al,Ga;4)o.52Ing 43P 15 0.30 p-5E17 (Zn)
(Alea] .x)0,52]n(),4gP 15 0.70 p-SEl 7 (Zl’l)
(AlGajx)o.s2Ing 43P 90 0.30 Wave guide
Gadn (P 6.8 ~0.41 Quantum well
(AliGajx)o.52Ing 4P 90 0.30 Wave guide
(Aleal -x)0.521n0,43P 94.5 0.51 n-5E17 (Sl)
(Al,Gajx)o.52Inp 4sP 1000 0.70 n-5E17 (S1)
Ga,In; P 10 0.52 n-5E17 (Si)
GaAs 332.5 n-2E18 (S1)
GaAs substrate
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11. Appendices

Layer Thickness (nm) X Doping
GaAs 400 p-2E19 (Zn)
Ga,In; P 10 0.52 p-2E18 (Zn)
(Aleal-x)()_ 52]1]0‘43P 500 0.70 p-5E 17 (Zn)
(Alea| -x)0,521n0_4gP 500 0.40 p-5E1 7 (Zl‘l)
(Alea1 —x)O. 521110_43P 900 0.70 p-5E 17 (Zl‘l)
(AlcGa).x)o.52Ing 43P 4.5 0.30 p-5E17 (Zn)
(Aleal_x)0_5zln0,4g‘If X0 4.2 1 x6 0.70 1 x6 [)-5E]7 (Zn) %6
(A1,Ga|_)o.520n0 48P 42 J 030 J | p-5E17(Zn) J
(AlxGa; x)o.52Ing 43P 9.6 0.70 p-5E17 (Zn)
(Alea| -x)0_521n()‘43P 15 0.30 p-5E 17 (Zl‘l)
(AlxGajx)o.52Ing 4P 15 0.70 p-SE17 (Zn)
(Alea1 -x)0,521110.43P 90 0.30 Wave gulde
GaJn. (P 0.8 (.41 Quantum well
(Alea| -x)0‘521no_48P 90 0.30 Wave gulde
(Al,Ga; )o.52Ing 4P 94.5 0.51 n-5E17 (Si1)
(AlxGa; x)o.52Ing 4P 1000 0.70 n-5E17 (Si)
Ga,In, P 10 0.52 n-2E18 (Si)
GaAs 332.5 n-2E18 (Si)
GaAs substrate
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Appendix 11.3: Gaussian curve fitting - Vertical transverse optical cross-section

of operating Control QW laser.

Below is the Gaussian equation and parameters evaluated in curve fitting the vertical
transverse cross-sections of the control QW device analysed in Figure 8.9 of Chapter

8. Curve fitting was performed using the software Origin Pro 7.0.

Below threshold: 1.78V; 27mA

Model: Gauss

Equation: y = y0 + (A/(w*sqrt(P1/2)))*exp(-2*((x-xc)/w)"2)
Weighting: y No weighting

Chi"2/DoF = 8.8085
R”"2 =0.96015

y0 =1.79836 + 0.33017

xc =758.22592 + 2.66332

w =364.45772 + 6.73338

A =18847.18789 + 398.95624

Above threshold: 2.06V; 92mA

Model: Gauss

Equation: y = y0 + (A/(w*sqrt(P1/2)))*exp(-2*((x-xc)/w)"2)
Weighting: y No weighting

Chi*2/DoF = 42.31822
R"2 =0.9941

y0 = 9.2867 + 0.74002
xc = 758.50121 £ 1.02225

w =373.47278 + 2.61816

A =111645.37488 + 905.17469
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