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Abstract: It has been reported that charges can be pumptedf @n intermittently
contactedp-n (or Schottky) junction, accompanied with mechaniozelectric power
conversion [1]. The amount of charge measurederctituit, however, was observed
to be 3 ~ 4 orders of magnitudes smaller than ffeeces charge in the depletion
regions of an ideap-n (or Schottky) junction formed with the corresporgli
semiconductors (or metals). In this work, chargmping betweem-type andn-type
silicon is investigated using the first principlealculation with non-equilibrium
Green function. We find that a large density otedds formed during silicon surface
relaxation and they are further changed during tyeinated process. The surface
charges result in a surface potential barrier, Winas a negative impact on electron
and hole transfer between the contacted silicofases. In addition, it is also found
that the total charges in the depletion regionseddpvery sensitively on the air gap
between the two silicon electrodes. More than 68%h® charges can be pumped out
with a gap oB0 A. These results suggest that intermittently coethptn junction
could function as an efficient electric generatomwechanical sensor if the surface
states and gap width are well controlled.

Key words: Electric generator, Electron pump, Non-ideal cont@-n junction,
Mechanical sensor, First principles calculation



Introduction:

Although mechanical-to-electric power conversiors ligeen realized with several
fundamental working principles, there still existvery big challenge to miniaturize
electric generators for smart applications [2-6]Jll Today, many micro/nano
generators have been studied to pursue an extnaoydi capability of
mechanical-electric power conversion [7-11]. The smcextensively studied
micro/nano generators are electrostatic generafdys8, 12-14], piezoelectric
generators [9, 15, 16] and triboelectric generdtbrs19]. A common characteristic of
typical electrostatic, piezoelectric and triboelecigenerators is that there is only
displacement current, rather than conduction ctireeamoss the two electrodes so that
the internal and external are coupled capacitivielgding to a very high internal
resistance. In 2018, we reported an electric gémerdased on a pair of
semiconductor electrodes with distinct chemicalepbtals [1]. When the two
electrodes are brought in contact, electrons difffrem then-type semiconductor
(higher chemical potential) to thetype semiconductor (lower chemical potential)
due to the chemical potential difference. Once beldctrodes are separated by
mechanical power, the diffused electrons can bepaahout to the external circuit.
Different from typicalelectrostaticpiezoelectric and triboelectric nanogenerators, thi
generator generates both conduction current aruladesment current. However, it
was found that, with a prototype, actual chargguiivas only about 3 ~ 4 orders of
magnitude smaller than the total charges in thdetiep region of the ideap-n
junction formed with the corresponding doped semdtwtors. The influences of
non-ideal surfaces, i.e, the surface states/chagésatomic scale asperities induced
non-prefect contact, on electron transfer and pomm the intermittently contacted
p-n junction still require an in-depth study.

In this work, the influences of the surface charged gap width on electron transfer
between two silicon electrodes are systematicdllglied using the first-principles
methods with non-equilibrium Green function (NEGE)0]. Although several
theoretical studies have been reported on the anfles of interface barrier and
surface chemical modification on the performancetridfoelectric nanogenerators
[21-24], they all discussed the contact electrtimabetween metals and polymers. To
our best knowledge, no research on electron trafsfeveen two semiconducting
electrodes has been conducted using first prireipddculation. Moreover, the contact
electrification mechanism between two semicondgcélectrodes is not clear yet [1,
25-27]. Our results demonstrate that the surfaeeges and small air gaps between
the two contacted surfaces are the two killer fisctbat have significant impacts on
the pumped charges to the circuit.

Computation procedure:
The first-principles calculations are performedehesing Atomistic ToolKit (ATK
2019) software package [28], which is capable wéstigating semiconductor devices



and surface states [29, 30]. The exchange cowal&inction for generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerh@®BE) in the surface
relaxation calculations is utilized [31]. THepoints are9 x 9 x 1 and the cutoff
energy is30 Hartree. We begin with an ideal silicon (100) surface, sf#gide view
is shown in Fig. 1la. The ideal silicon (100) suefas obtained by cleaving silicon
(alpha) structure along (100) direction without awface relaxation. To model a
practical silicon (100) surface, we firstly reldbetsurface structure until the force on
all atoms smaller thal01 eVA~! with the stress error tolerance f6r001 eVA=3
[32]. The side view of the relaxed silicon (100)fage is illustrated in Fig. 1b, in
consistence with prior relaxed silicon (100) suefatructure [32]. It is clearly seen
that a few atomic layers from the surface are Ilgrggdaxed in comparison with the
ideal surface (Fig.1a) as the surface relaxation isng-range effect and it could
affect a few layers beneath the surface layer.h&sGGA-PBE method is not able to
produce a proper bandgap in a semiconductor, weogmtipe meta-GGA function for
the electronic structure calculations [33, 34]olr electron transfer calculation, the
brillouin zone of the silicomp-n junction is sampled by & X 7 X 100 k-mesh with a
double-zeta polarized basis for all atoms. In thecteon transfer regime, theV
curves are calculated using the NEGF [20]. Theertracross the silicgorn junction
can be calculated as follows:

ellR
! :EI(fL(E)— f(E))T, (E)dE, 1)

He

where, f.(E) (fr(E)) and u; (ug) are the Fermi distribution function and chemical
potential of the left (right) electrode, which ateectly correlated with their doping
concentrationsT, is the electron transmission function and refléecesimpact of the
surface charges and gap width on electron transfemnd h are the unit charge and
Planck’s constant, respectively. The spectral dgmsatrix, p(E), can be calculated
from the density matrix contributions from the laftd right electrodes:

p(E) = p"(E) + p"(E). (2)
The local density of state) (E, r), is calculated from the spectral density matrix:

where ¢(r) is the real functions in solid harmonics,and j are the electron
orbitals. Then, the device density of statBgF), of the relaxed silicon surfaces is
calculated by integrating the local density ofesadver the space:

D(E):jD(E,r)dr. 4)

The electron difference density (EDD) in v junction, An(r), is defined as:

N atoms

An(r)=n(r)- >, n(r), (5)

where n(r) is the electron density,(r) is the electron density of atoih and
Naroms 1S the number of atoms in then junction. The relation between Hartree



difference potential (HDP)AV,(r), and EDD can be determined using the Possion
equation:

e2

O%AV,, (r) =- 2 An(r), (6)

0

where g, is the vacuum permittivity. From Eq. (2) to Eq.),(8he energy band
diagram along the electron transfer direction fog tontacteg-n junction can be
obtained.

Results and Discussion:

Figs. 1c and 1d show the DOS of silicon (100) siefevithout and with the surface
relaxation, respectively. From Fig. 1c, one cantBaethe DOS of surface layer (1, 2)
of the ideal surface is very similar to that of timernal layer (6, 7) around the
conduction band minimum (CBM) and the valence bandximum (VBM),
suggesting that the interaction between the sileoriace and internal is negligible.
In the surface relaxation, silicon (100) surfacstfforms a symmetric dimer which in
turns induces an asymmetry in the electron landsaapder which we again optimize
the structure to find the ground state asymmetricture. After the surface relaxation,
the relaxed silicon surface is in reasonable cterste with a previous study where an
asymmetric dimer reconstruction of silicon (100)face was built [27]. The bandgap
is reduced by around.31eV (Fig. 1d) and a peak at the VBM is formed
predominantly for the surface layers (1, 2), intigga large influence of the relaxed
silicon surface on the electronic states. Besittes DOS of the internal layer (6, 7)
shows only small difference from the ideal silickurface in the whole energy range
because the surface relaxation progress couldtatféaw layers beneath the surface
layer. Obviously, the surface relaxation plays angnent role not only in reaching
the minimum free energy to have a higher stability, also in the distribution of the
surface electronic states.
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Fig. 1. The side view and DOS of the ideal and retad silicon (100) surface. and



b, The side-view of the ideal and relaxed siliconQ(l8urface, respectively. Layers 1

and 2 for the relaxed silicon surfacebimre largely relaxed in comparison with layers
1 and 2 for the ideal silicon surfaceanc andd, The DOS of the ideal and relaxed

silicon (100) surface, respectively. After the swd relaxation, the bandgap is reduced
and a peak at the VBM is formed @) indicating a large influence of the surface
relaxation on the electronic states.

The ideal silicorp-n junction is formed through a perfect contact ofiéeal n-type
silicon (100) surface with another idgatype silicon (100) surface (Fig 1a), without
leaving any dangling bonds or defects at the coetiamterface. Thus, the ideadn
junction can be regarded as @n junction formed by donor or acceptor
diffusion/implantation processes in bulk silicon. dharp contrast, the non-idgah
junction is constructed by a relaxedype silicon surface intimately contacted with a
relaxedp-type silicon surface (Fig. 1b). All the surfacendbing bonds are terminated
by hydrogen atoms. Hydrogenation treatment herénisine with our previous
experiments where silicon electrodes were treatddF to have a higher mechanical
to electric power conversion efficiency [1]. Thecepter concentration for thetype
silicon and donor concentration for theype silicon are selected to dex 102° and

5 x 1018 cm™3, respectively, for the following discussion. Figa shows thd-V
curves of the ideal and non-ideal silicom junctions. Although botlp-n junctions
exhibit apparent rectification characteristics, th@rent density of the ideg-n
junction is 1 ~ 2 order(s) of magnitude higher thiaat of the non-idegd-n junction
for the bias voltage betweed and 1.0 V. This suggests the non-ideal contact
hinders electron transfer across the contactedkaélasurfaces. In the idegkn
junction, the HDP decreases monotonically from phigpe to then-type silicon
across the entir@-n junction (Fig. 2b). The depletion region width tine n-type
silicon, W, (from the n-type silicon surface to the edge wheta(r) =0) is
about195 A. In contrast, the relaxed non-ideal surface intoes a perturbance in the
HDP at the contacted surfaces so that HDP decayh faster than the ideakn
junction and the depletion region widi, is only 170 A (Fig. 2b). Figs. 2c and 2d
show the energy band diagrams of the ideal andidwad- silicon p-n junction,
respectively. With the accepter concentration b@rmgders of magnitude higher than
the donor concentration, the depletion region witiththe p-type silicon is much
smaller than that in the-type silicon. Note that the donor concentratiorth&fn-type
silicon electrode in this work is about 3 ordersrmdgnitude higher than that used in
the previous experiments [1]. Selection of a highdenor concentration here is
restrained by our calculation capability. Nevelels, evaluation of the influences
of the surface charges on electron transfer isaffected by selection of the donor or
acceptor concentrations. The energy band diagrarnsss the entire ideal and
non-idealp-n junctions are shown in Figs. 2c and 2d. A banda@fap.16 eV can be
extracted at the two back ends of the silicon etelets. Being consistent with the
HDP distribution, an apparent “abyss” in the eneb@nd diagram occurs in the
non-ideal contactep-n junction.



®
S
O

o 0.4
F —— Ideal contact
{ —=— Non-ideal contact e Wa o
~  SF s
10y %
= ; T -0.41 Ideal contact
g_: F % —— Non-ideal contact
10" 4 -0.8¢
4
1 1.2}
1077¢ : :
-1.0 0 100 200 300
Voltage (V) c(A)
C 20 d 20
0.900 0.900
1.0 0.600 1.0 0.600
~ 0350 & 0.350
L L
2 2
E‘n 0.0 0.200 Eﬂ 0.0 0.200
g 0.070 2 0.070
3 Lo 0.020 = 10 0.020
‘ 0.003 . 0.003
2.0 0.000 2.0 0.000
100 150 200 250 50 100 150 200 250
¢ (A) c (&)

Fig. 2. Electron transport property of the ideal ard non-ideal contact p-n
junction. a, The I-V curves andy, the HDP results for the ideal and non-idpal
junction. The current density and depletion regidth of the idealp-n junction are
significantly larger than those of the non-idpeat junction, respectively, suggesting
the non-ideal contact hinders electron transfeosscthe contacted relaxed surfaces.
andd, The energy band diagrams for the ideal and neakgn junction, respectively.
An apparent “abyss” in the energy band diagram iacicuthe non-ideal contacteen
junction.

To study the influence of the doping concentrationsthe HDP distribution in the
non-ideal contacteg-n junction, several different donor and acceptorcemtrations
are selected. First, the calculation is conducted ithcreasing the accepter
concentration,N,, from 5 x 10 to 5 x 102° cm™3, while keeping the donor
concentration, Ny, unchanged & x 10'® cm™3 (Fig. 3a). The calculation is then
repeated withN, increasing from1 x 108 to 1 x 10'° cm™~3, while keepingN,
unchanged atl x 102° cm™3 (Fig. 3b). A general trend is that the depletioialttv
increases with decreasing the doping concentraiahthe perturbance in the HDP
distribution at the non-ideal contacted surfaces@se sensitively dependent av},
than N,. It is also seen that the HDP distribution is petfectly converged with the
device length of~ 3004 for N, ~ 1 x 10'® cm™3, see the black curve in Fig. 3b.
With Ny ~1 x 10%° cm™3 and Np ~5 x 108 cm™3 (usedin Fig. 2b), the HDP
distribution is found to be fully converged withime device length, see the red curve
in Fig. 3b. The EDD at the relaxed surfaces isaasatibly modulated by, rather
than N,, as shown in Figs. 3c and 3d. The positive andtiegyvalues of the EDD



depict electron aggregation and depletion, respalgtiHydrogen atoms (the surface
passivation layer) tend to gain electrons fromhbk silicon as hydrogen atoms are
more electronegative than silicon atoms, formingegative surface charge layer.
Clearly, the perturbance in the HDP is inducedngyEDD at the surfaces, or, in other
words, the surface charges. The details of the EDDhe edge of the depletion

regions in then-type silicon can be seen by the zoom-in viewshaihset in Figs. 3c
and 3d, respectively.
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Fig. 3. The HDP and EDD for the non-ideal contactedo-n junctions with
different doping concentrations. The vertical gray dash line marks the non-ideal
contact surfaces andb, The HDP results for several different doping comnicions.
the depletion width increases with decreasing thy@rdy concentratiorc andd, The
EDD results for the corresponding doping conceiutnagtina andb. Hydrogen atoms
(the surface passivation layer) induce an eleatedrstribution at the contact surfaces.
The insets irc andd, The zoom-in view of the EDD.

When thep-type andn-type silicon are brought in contact, electronslébptransfer
from n-(p-)type to p-(n-)type silicon due to their chemical potential diffnce. A
built-in electric field is concurrently created aidhen resists the diffusion so that a
p-n junction is eventually established at thermal Eouum. The chemical potential
difference between the two silicon electrodes iy furopped to the depletion regions
whose widths reach their maximum. The space chargése depletion regions are
those positively ionized donors in thaype silicon and negatively ionized acceptors
in the p-type silicon. Once the-type andn-type silicon are being separated with a



small gap, sag0 A, most of the potential drops to the gap and, apmsetly, the
depletion regions must shrink drastically. The ggdrand diagram and the HDP are
shown in Figs. 4a and 4b, respectively. The depietegion widthw,, (Fig. 4b) is
much smaller thari/,, (Fig. 2b). The influence of the gap widtld, on the HDP
distribution is illustrated in Fig. 4c. With incsiag d from 0 to 180 A, the
depletion region width of the-type silicon decreases from abolif0 A down to
29 A. In contrast, the EDD at the surface or surfacargd maintains nearly
unchanged. (Fig. 4d).

d 20 b 0.5
0.900
1 0 0.600 0.0 30 A W,’,
= 0350 &
C) C)
2 0.0 [EEees 0.200 \F -05F
Zg 0.070
m
1.0 0.020 -1.07
0.003
-1.5 . :
2.0 0.000 0 100 200 300
50 100 150 200 250 300 c(A)
c (&)
C d
!\ _,J L
[ I
I |
U 7 A Nl \ \
1]
0.3 T 4 J | /]
< 00 g 2f
S .03 : g O
= 0.6 S 2
N
< .09 X -4
-1.2 . . . . = -6 . ] . .
0 100 200 300 400 < 0 100 200 300 400
c (&) c (&)

Fig. 4. The energy band diagram, HDP and EDD for tb relaxed silicon
electrodeswith a steady separation gapa andb, The energy band diagram and
HDP result for the two non-ideal n-type and p-tygikécon electrode with a steady
separation gap 080 A. Most of the potential drops to the air gap arel depletion
regions shrink drasticallg. andd, The influence of the gap widtd on the HDP and
EDD, respectively. With increasind, the depletion region width of thmetype silicon
decreases significantly, while the EDD at the stgfaaintains nearly unchanged.

Under the thermal equilibrium, the space chargesithenV,.(x), in then-type silicon
can be determined by the difference between thzedndonor concentration and
local electron concentration. The local electromcemtration can be obtained from
the Boltzmann approximation and the potential diatron. In the depletion region of
the n-type silicon electrode, electron concentrationmach lower than thelonor
concentration so thaW.(x) equals the donor concentration B 108 cm~3, while



N.(x) decreases to about zero at the edge of the dapletgron (Fig. 5a), yielding
W, =170A in the contacted stage. Thus, the total space gehais,

Q, = eA fOW" N.(x)dx = 3.8 x 107® C for the p-n junction aread = 4 cm?. Note

that asW,, is smaller thanit, (= 195 A) for the idealp-n junction, Q. is a factor

of 1.7 smaller than the amount of total space asafgr the ideal contaptn junction

(~ 4.4 x 107° C). This result indicates that existence of the aefcharges has a
negative impact on not only electron transfer (@ssed above), but also the space
charges stored in the depletion region. After the electrodes are separated by a
steady separation gap from 0 to 30 A with a step of5 A, the depletion width
decreases fromi70 to 102, 82, 69, 60, 54 and 51 A, respectively (Figs. 5a and
5b). Obviously, the initial several separationssgamuch more significant shrinking
in the depletion regionw,,. For d >30A, the space charge concentration
distribution shows less significant change (Fig). Sthe amount of the charges that

can be pumped to the circuit i8) = Q, — Ae fOW” N.(x)dx = Ae f‘rf” N.(x)dx. AQ

as a function ofd in Fig. 5¢c shows that the main charge ‘pumpingtws for

d < 30 A. The efficiency of the space charge ‘pumpingQ/Q, x 100%, is as large
as 68% ford =30A (Fig. 5d). Moreover, the amount of charge ‘pumping
ford = 30 A is about2.6 x 107 C, which is more than 2 orders of magnitude larger
than the charge pumping fat from 150 to 180 A (2.0 x 1078 C). It is worth
noting thatAQ/Q, x 100% increases withd and it then tends to be saturated for
d > 60 A. This is caused by the surface charges or a sugatential barrier, which
hinders the space charge being fully pumped ouke Tmneling probability is
analyzed using the Wentzel-Kramers-Brillouin appmation [35] and it is
only ~ 0.08 for a gap of5 A, implying that the tunneling effect does not pkay
important role here and it can be ignoreddas 5 A.
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Fig. 5. Influences of a steady separation gap widtfrom 0 to 180 A on the
space charge distribution in the non-ideah-type silicon electrode and the charge
‘pumping’ property. a andb, The space charge distributions for different s&fen
gap widths. The initial several separations causehmmore significant shrinking in
the depletion regionc andd, The amount of the charge remained in the depletion
region Q¢, charge pumped out to the circi) and the charge pumping efficiency
AQ/Q, as a function ofd.

In our prior experiments [1], the collected changé¢he circuit was found to be 3 ~ 4
orders of magnitude smaller than the space chaogedsin a corresponding idegain
junction. In view of the first-principles study gented here, the huge difference
could originate from two main factors: (1) A higkrsity of surface charges exist at
the silicon electrode surfaces due to the surfadexation and hydrogenation
treatment. The surface charges hinder not onlytrele@nd hole diffusion across the
non-ideal contacted surfaces but also the chargged out of the depletion region.
An appropriate surface treatment may help to corguoface charge. In our prior
work [1], we reported that HF treatment of silicelectrode surface could control
surface charges. Although different oriented silicurfaces have different densities
of dangling bonds, which induce different densitiésurface charges at the silicon
electrode surfaces, the chemical potential diffeeetvetween both electrodes is
dependent on the doping concentrations of the tliamis electrodes, rather than the
silicon orientations. Thus, the above conclusiagquaed from silicon (100) surface is



still applicable for other silicon surfaces. (2) stnall air gap exists between the
contacted surfaces due to existence of the atocale sisperities. As the experiments
were carried out with the electrode areastafn?, actual contact could be through a
number of the asperities, leaving most of contastetaces with a small air gap. This
could largely reduce the charge pumping efficien&lyove all, the unique electric
generator could have a leap in the charge pump@nipinance if the surface charge
and small air gap are well controlled. As a feasdgproach, a small air gap could be
reduced by utilizing a soft semiconductor as oné¢hef contact electrodes or liquid
metal contact, etc [36, 37]. The characteristi¢ thamall gap of30 A could lead to
68% of the charge to be ‘pumped’ to the circuit bana remarkable advantage over
other electric generators for detection and/or gnéarvesting of ultrahigh frequency
small displacement mechanical motions.

Conclusion:

We have studied the influences of the surface ehargl separation gap between a
p-type andn-type silicon electrode on the space charges irdépdetion region using
the first principles calculation with NEGF. The e charges have a significant
impact on the electric potential distribution irettiepletion region, hindering electron
and hole transfer across the contacted surfacestamrde pumping. With a small air
gap of several nanometers, most of the chargedsiaréhe depletion region of the
contacteds-n junction can be ‘pumped’ out to the external dircu
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Highlights:
(1) A large density of states are formed during silicon surface relaxation and they
are further changed during hydrogenated process.

(2) The surface charges result in a surface potential barrier, which has a negative
impact on electron and hole transfer between the contacted silicon surfaces.

(3) The total charges in the depletion regions depend very sensitively on the air gap
between the two silicon electrodes.

(4) Intermittently contacted p-n junction could function as an efficient electric
generator or mechanical sensor if the surface states and gap width are well controlled.
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