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Interpreting Time-Resolved Photoluminescencerof Perovskite
Materials

Emmanuel V. Péan?, Stoichko Dimitrov®, Catherine S. De Castro® and Matthew L. Davies®¢

Time-resolved photoluminescence (TRPL) spectroscopy is a powerful technique to investigate excited charge
carrier recombinations in semiconductors and molecular systems. The analysis of the TRPL decays of many
molecular systems (e.g. molecules and organic materials) is usually fairly straightfoward and can be fitted with an
exponential function allowing extraction of the rate constants. Due to the non-excitonic nature of charge carriers
in lead halide perovskite materials coupled with the presence of localised trap states in their band-gap, the TRPL of
these materials is much more complicated to interpret. Here we discuss two models used in the literature to
simulate charge carrier recombinations and TRPL in perovskites. These models consider the bimolecular nature of
direct electron-hole recombination but differ in their treatment of trap-mediated recombination with one model
describing trapping as a monomolecular process whereas the other as a bimolecular process between free carriers
and the available trap states. In comparison, the classical analysis of perovskite TRPL decay curves (using a sum of
exponentials) can lead to misinterpretation. Here we offer some recommendations for meaningful measurements
of lead halide perovskite thin-films. The fluence dependence as well as charge carrier accumulation due to
incomplete depopulation of all photoexcited carriers between consecutive excitation pulses are discussed for both

Published on 23 November 2020. Downloaded by Swansea University on 11/23/2020 1:25:13 PM.

models.

Introduction

Since their first use in solar cells in 2009, lead halide perovskites
have been employed in wide variety of solar cell architectures
leading to an impressive 25.5% power conversion efficiency
(PCE) in 2020%. Further improvement of the PCE may require
enhancing the extraction of the excited charge carriers
(electrons and holes) from the perovskite layer to the electron
and hole transport layers and reducing the recombination rate
of these carriers. Charge carrier recombination generally
happens through the direct recombination of an electron and a
hole or mediated by defect-induced trap states?. These trap
states, through their formation and passivation, are also
believed to be responsible for the instability and subsequent
degradation of the perovskite3~7. Extracting information related
to these trap states such as their concentration and the trapping
rate constant is thus essential in order to compare samples and
devices, and improvement of perovskite solar cells.

Time-resolved photoluminescence (TRPL) spectroscopy is a
powerful technique that has been employed to study charge
carrier recombination kinetics of photoluminescent materials&-
10, TRPL measures the radiative electron-hole recombination
after absorption of a short light excitation pulse (typically of the
order of the ps). The TRPL decay obtained is affected by the
different competitive radiative and non-radiative
recombination processes happening in a system, as well as its
environment, and is therefore useful for extracting information
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related to these processes. TRPLis usually measured using time-
correlated single photon counting (TCSPC) in which the sample
is periodically excited by a pulsed laser and the sample emission
is measured at the desired wavelength. Ideally, after each
excitation pulse, 0 or 1 photon is measured, thus generally
requiring millions to billions of excitation pulses to obtain an
adequate signal to noise ratio (S/N). The TRPL intensity Irrpy
measured after P pulses is thus the sum of the TRPL intensity
I?RPL after each excitation pulse p:

P
Irgp(t) = ZPZJ;)RPL ® @

TRPL decays have been classically fitted with a sum of
exponential decays A;e”t/%i (A4; and t; are respectively the
amplitude and lifetime of component i)1!:

n
IrgpL(t) = Z'Aie_t/ri @
L

When applied to perovskite materials, a bi-exponential (n = 2)
fit is generally done and the two components are usually
assigned to trap-mediated recombination (shorter lifetime ;)
and radiative recombination (longer lifetime t,)2715. For
perovskite layers in contact with an electron or hole transport
material, the faster component has been linked to charge
carrier extraction from the perovskite to the transport
material'6-21, The amplitude of each exponential component is
usually attributed to the contribution of each process whereas
the lifetime indicates the rate of the process’.1%. However, this
model does not consider the dependence of the recombination
processes on the excited charge carrier concentration in
perovskites.

Here, two considering
recombination as well as trap-mediated recombination in
homogenous perovskite systems are investigated. For most
perovskite thin films for solar cells (i.e. < ca. 200 nm thick),

models direct electron-hole
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carrier
recombination such that the charge carriers can be considered
homogenously distributed in the film after photoexcitation
(Note S1). In such films, the photoexcited charge carrier
concentration N, generated by an excitation pulse of fluence I,
(in photons/cm?2) is22;

Journal Name

diffusion can be assumed much faster than

lhA
No=-5 ()

where A and D are respectively the film absorptance and
thickness. Since the carrier concentration N, and the excitation
fluence I, are proportional, they are used interchangeably in
this work. At room temperature, the excitons quickly dissociate
due to their low binding energy?3, leaving An,, electrons in the
conduction band (CB) and Any holes in the valence band (VB).
The total excited electron n,(t) and hole ny (t) concentrations
in the conduction (CB) and valence (VB) bands at time t are
then:

ne (t) = Ane (t) + Ny (4')
np(6) = Anp(0) +po  (5)

where ny and pg are respectively the N-type and P-type doping
concentrations which may originate from crystal impurities or
point defects, and (intrinsic carriers are ignored due to their low
concentration — ~10% cm ™3 at 300K (Note S1) — compared to
the doping and photoexcited concentrations considered here).
Here, we describe three of the recombination processes
commonly considered in the literature: band-to-band, non-
radiative bimolecular and trap-mediated recombination.

Recombination processes
Bimolecular recombination

Band-to-band recombination is a radiative process during which
an excited electron directly recombines with a hole in the VB.
Due to the low exciton binding energy in perovskites, excited
electrons and holes are uncoupled and their recombination is
bimolecular, that is a second order process with a rate
dependent on both charge carriers concentrations?2425, The
contribution of this recombination process to the change in the
charge carrier concentrations over a small period of time dt is
thus equal to the product of the radiative band-to-band
recombination rate constant kg, and the electron n, and hole
ny, concentrations224.25:

dne] _rdnn] _
[, - [, -
Photon recycling, during which emitted photons by the system
are re-absorbed before they escape it, has been previously
observed in direct band-gap semiconductors with a high
absorption coefficient and a small Stoke shift (small difference
between emission and absorption maxima), such as perovskites
226-28  As absorption is a much faster process than

recombination (~fs versus to ~ns), carriers leading to photon
recycling can be assumed to not have recombined. The

—kgrne()ny(t)  (6)
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observed radiative rate constant kg is thus a fraction of the
internal radiative rate constant 226:23, v

iew Article Online
The TRPL intensity measured correspondsl:to.ihse/noarbéysof
photons emitted by the system studied and is thus equal to:

Irgp(t) = kgn (tIn,(t)  (7)

It has been suggested that shallow trap state-mediated
recombination and trap-state mediated Auger recombination
may lead to non-radiative bimolecular recombination of charge
carriers at rate?2526;

@], =&, -

where ky is the non-radiative bimolecular rate constant. As
both radiative (Equation 6) and non-radiative (Equation 8)
bimolecular recombination processes depend on the electron
and hole concentrations, they can be summed as the
bimolecular contribution of rate constant kg:

—kyne(Onp(6)  (8)

], -

dt 1~ Lat B=_(k_1vk‘];ﬁ2ne(t)nh(t) 9)

Trap-mediated recombination

Trap-mediated recombination, also known as Shockley-Read-
Hall recombination can be described as a non-radiative
bimolecular process between one carrier type and the available
trap states22. In the case of electron trapping, the trapping
contribution is proportional to the product of free electrons n,
and available trap states concentrations Ny — n;, where N7 is
the concentration of trap states and n; is the concentration of
trapped electrons occupying these states2:25:

= —kn,(t)[Ny

[d”e] - - @] —n(0] (10)

dt dt

where ki is the electron trapping rate constant. The detrapping
of an electron through its recombination with a hole in the VB
can be described as a non-radiative bimolecular process
between trapped electrons and free holes225:

[dnt] _[dnh] _
dtlp  ldtl, ™

Where kj, is the detrapping rate constant. In the steady-state
regime and if the trap state concentration is much higher than
the photoexcited carrier concentration, the electron and hole
concentrations can be assumed equal at all time and trap-
mediated recombination can be described as a monomolecular

—kpne(Onp ()  (11)

processes30-32;

@, - [, -

Auger recombination is not discussed here as it has been
suggested that it only occurs at very high light fluences (above
ca. 10 sun illumination) and should therefore be negligible in

—krne(t) = —krny(6)  (12)

This journal is © The Royal Society of Chemistry 20xx
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PSCs under normal operation illumination conditions and in
particular TRPL measurements conditions 33. Electron
detrapping back to the CB, which has been shown to lead to
delayed fluorescence (DF) 343> could also influence the decay
kinetics, however, our aim here is highlight complications with
typical analysis found in the literature where commonly DF is
not considered.

TRPL kinetic models

In perovskite films, both direct and trap mediated
recombination determine the overall charge recombination
dynamics. Here we discuss modelling of the TRPL decays with
two possible models; the bimolecular-trapping (BT) model and
the bimolecular-trapping-detrapping (BTD) model (Figure 1).
Both models consider bimolecular recombination of charge
carriers but differ in their treatment of trap-mediated
recombination.

The BT model assumes the electron and hole concentration
equal at all time (ie. n.(t) = An,(t) = n,(t) = An,(t) =
n(t)) and monomolecular trap-mediated recombination
(Figure 1a). The rate equation for the BT model is thus build
upon Equations 9 & 12 which give?431.36;

d
== —kyn(0) ~ kgn? ()| (13)
dt —_— = -

T(t) B(t)

where T(t) and B(t) are the trapping and bimolecular
contributions to the change in the charge carrier concentration
attime t.

For TCSPC decay analysis, this differential equation is solved
with the condition that each excitation pulse p generates N,
carriers which adds up to any carriers present in the bands just
before the pulse. The initial carrier concentration nP (t = 0) of
pulse p is thus:

[nP(t = 0) = Ny + n?"1(RP)| (14)

where n?~1(RP) corresponds to the carrier concentration just
before excitation pulse p and RP is the excitation repetition
period. We assume that TCPSC experiments are started with a
film with no free carriers i.e. n?=1(0) = N, (this can be ensured
by keeping the sample in the dark for long enough time so that
most carriers have recombined).

As per Equation 7, the TRPL intensity measured as a function of
time after excitation pulse p is given by:

I$RPL(t) = kR(np(t))z‘ (15)

Values of the different rate constants from the literature
obtained using the BT model are reported in Table 1.
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Contrary to the BT model, the BTD model consiq%l;vsArthrgJJ&iprg
and detrapping as bimolecular processes [d#pictedirDRigtir& 1)
and as such it builds upon Equations 10 & 11. The electron and
hole concentrations are not always equal and so the rate
equations for both carrier types and the trapped carrier
concentration needs to be solved. Within this model, trapping
and detrapping is believed to be mediated by deep trap states
while non-radiative bimolecular recombination is mediated by
shallow trap states2. In the case of electron trapping and
considering p-type doping (i.e. n, = An, and n, = Any + py)
(as predicted for methylammonium lead iodide (MAPI) using
first principle calculations3’), Equations 9, 10 & 11 give the
following set of rate equations?2>:38.39;

dbn,
d: = — kpdn,(O)[Any, (t) + pol — krdn (O)[Nr —n (O)]| (16)
B(t) T(6)
dn,
— = krdno [Ny = n(©] = kon (O © + pol| - (17)
T(t) D(t)
dAny,
a kgAng (£)[An, (£) + pol — kpn (D)[An, (t) + pol| (18)
B(D) D(t)

where B(t), T(t) and D(t) are, respectively, the bimolecular,
trapping and detrapping contributions to the change in the
carrier concentrations.

In TCSPC measurements, the initial carrier concentrations after
excitation pulse p generating N, carriers are:

AnE(t = 0) = Ny + An2 " (RP)
AnP(t = 0) = Ny + An? " (RP)|  (19)
n?(t = 0) = n? " (RP)

where Ang_l(RP), Anz_l(RP) and nf_l(RP) are the electron,
hole and trapped electron concentrations present in the system
just before excitation pulse p. As for the BT model, it is assumed
that there are no carriers present in the system before the first
pulse i.e. AnE="(0) = Anzzl(O) = N,, nle(O) =0.

As per Equation 7, the TRPL intensity measured after an
excitation pulse p is given by:

|I¥RPL (£) = kpAng (O)[An} (£) + po” (20)

Values of the different rate constants obtained from the
literature using the BTD model are reported in Table 1.

In this work, the use and limitations of the BT and BTD models
are discussed as well as lifetime interpretation of TRPL based on
them.

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 3
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Figure 1: Schematic of the recombination processes considered in the a) bimolecular-trapping and b) bimolecular-trapping-
detrapping models. Excited electrons (concentration n,) in the conduction band (CB) and holes (concentration ny) in the valence
band (VB) undergo radiative and non-radiative bimolecular recombination at rate constants kp and ky respectively (total rate
constant kg). In a), electrons and holes get trapped in trap states at a rate constant k. In b), electrons get trapped in trap states
(concentration N7) at a rate constant k¢. Trapped electrons (concentration n;) can then detrap back to the VB at a rate constant

kp.

Table 1: Recombination rate constants (bimolecular kg, trapping k and detrapping kp), deep trap states (N ) and doping (pg)
concentrations for different perovskites obtained using the bimolecular-trapping (left) and bimolecular-trapping-detrapping (right)
models [CH3NH3Pblsz (MAPI), CH3NH3Pbls(1.4Clsx (MAPIC), CH3NHsPbBr; (MAPBTr)], values taken from literature.

Bimolecular-trapping model Bimolecular-trapping-detrapping model
k k k N k
Perovskit & kt ® i T Po °
. (1020 (10° ns1) Ref. (1020 (1020 (102 cm- | (102 cmr (1020 Ref.
cm3/ns) cm3/ns) cm3/ns) 3) 3) cm3/ns)
17 180 24
35 10 60,000 10,000 5 25
51-220 3-28 40
MAPI
8.1 5 26
26-76 12,000 60 65 80 2%
92 14 M
12-20 2.9-1,100 42
MAPBr Not found
7.0 2.5 26
MAPIC 7.9 <05 2 49 ~0 <500 | 1,000 ~0 2

Methodology

We describe here the methods and parameters used to
simulate the carrier concentrations and TRPL, as well as details
about the fitting of the TRPL decays.

Simulations

Carrier concentrations and TRPL intensity were simulated by
following the process described in the block diagram in Figure
S1, presented for the BT model only. The same process is valid
for the BTD model by replacing the equations with Equations
16-20. Unless otherwise stated, all carrier concentrations and
TRPL decays were calculated after the first excitation pulse only
(referred to as the single pulse approximation in the results &
discussions section). For the BT model, the carrier

Please do not adjust margins

concentration was simulated using Equation 13 and 14 and
kp =50% 10720 cm3/ns and k; = 15 x 1073 ns™ !, values
consistent with what has been reported for perovskites (Table
1). The TRPL intensity was then simulated using Equation 15.
For the BTD model, the carrier concentrations were simulated
using Equations 16-18 and the rate constants and the
concentrations reported for a pristine MAPI thin film in 2 (* in
Table 1): kg =26 X 1072° cm3 /ns, ky = 12,000 X
10720 cm3/ns, kp =80 x 1072° cm3 /ns, Po = 65 X
1012 ¢m~3 and Ny = 60 X 1012 ¢m™3. The TRPL intensity was
then simulated using Equation 20. We note that there seems to
be two scenarios in the literature, one with fast trapping rate
constant and smaller number of traps and one with slower
trapping rate constant and much larger number of traps. In this
work we focus on the former as we feel it describes best the
systems we have encountered. As discussed in the results &
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discussions section, TRPL decays resulting from billions of
excitation pulses, as the ones experimentally measured, are
simulated with only a few hundred excitation pulses until
stabilisation of the carrier concentration(s) defined as :

|81 () — nB ()] < 106N, (21)

Excitation pulse p is then assumed representative of the carrier
concentration in the system after billions of pulses. This method
is referred to as the multiple pulse approximation and allows to
greatly reduce the calculation cost. Further details about the
calculations can be found in Note S2.

The contribution C(t) of a recombination process (e.g. T(t) for
trapping) corresponds to the rate of charge carriers recombined
through such process at a given time t. Over a certain period of
time, the total contribution C, i.e. the total number of carriers
recombined through this process, is given by:

c‘:fc(t) at (22)

The relative contribution %C(t) of a certain process
corresponds to the ratio of carriers recombined through this
process to the sum Y. C(t) of all carriers recombined at time t
(Note S3):

Cc(t)

%O = 5w

(23)

Consequently, we note %C the relative total contribution which
corresponds to the percentage of charge carriers recombined
through a certain process over a certain period of time.

Since the carrier concentration is not the quantity observed
when measuring TRPL, it is necessary to quantify the
contribution of each recombination process to the changes in
the TRPL intensity. In the BT model (Equation 15), the change in
the TRPL intensity over a small period of time dt is:

dlrgpy

it —2kgn()B(t) — 2kgn(t)T(t) (24)

Bp(t) Tp(t)

where Bp,(t) and Tp,(t) are the bimolecular and trapping
contributions to the change in the TRPL intensity. In the BTD
model (Equation 20), the change in the TRPL intensity over a
small period of time dt is:

dl
—ar =~ keBO[An(©) + Any (1) + pol
BpL(t)
— kpT(t)[Any, (t) + pol
Tp (t)
— kgD(t)An.(t) (25)
DpL(t)

where Bp; (t), Tp, (t) Dp, (t) are respectively the bimolecular,
trapping and detrapping contributions to the change in the TRPL
intensity.

Fitting

Physical Chemistry Chemical Physics
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In order to investigate the limitations of the models, fitting was
carried out on TRPL decays simulated with the BT and BID
models. With the BT model, the decays wéxe! simiildted @itk BD2
points (or channels) while 4096 points were used with the BTD
model in order to resolve the fast trapping predicted by this
model. Prior to fitting, noise simulated from a Poisson
distribution was added to emulate experimental conditions (an
amount of noise reasonably representative of experimental
conditions as shown in Figure S4) and the decays were
normalised with respect to their initial intensity. The excitation
repetition period used (i.e. the time window used) was chosen
such that I7gp, (RP) /Irrp. (0) ~10™% (where Irgp; is the TRPL
intensity after the first pulse within the single pulse
approximation and after the last pulse determined from
Equation 21 within the multiple pulse approximation) which we
think is representative of experimentally measured TRPL
decays. Fitting was carried using a least-square minimisation of
the free parameters (kg and k¢ for the BT model and kg, k7,
kp, po and N for the BTD model) (Note S4). We considered a
“best-case scenario” where the same values of the parameters
used in the simulated TRPL decays were used as guess values
for the fitting optimisation.

Results & discussions

Here we discuss the application of the BT and BDT models to
describe TRPL decays of perovskite samples. First discuss the
excitation fluence dependence on TRPL after the first excitation
pulse (the superscript notation is ignored here for clarity i.e.
n)’;:l(t) = ny(t)). This is an important topic as TRPL decays are
usually reported at a variety of fluences in the literature, making
comparisons across the literature difficult. We also discuss the
accuracy of the values retrieved from fitting these decays
simulated with added noise at different excitation fluences. In
the second section, we discuss the importance of allowing
recombination of all photoexcited charge carriers for fitting
with a single excitation pulse and advise on how to avoid charge
accumulation in the systems measured.

Bimolecular-trapping model

Fluence regimes

We investigate the fluence dependence of the BT model by
simulating the carrier concentration and TRPL for a wide range
of initial carrier concentrations N,. Within this model, the
carrier concentration normalised to its initial value n(t)/N,
(and therefore the normalised TRPL intensity) is observed to
decay faster for increasing N, (Figure 2a, Note S6). In order to
estimate the effect of trapping and bimolecular recombination
on the TRPL decay, we investigate their contribution to the
change in the TRPL intensity, %Tp, and %Bp, respectively. In
particular, we note that %Tp, and %Bp,, are respectively lower
and higher than the contributions to the change in the carrier
concentrations %T and %B as the square of the carrier
concentration favours bimolecular contribution, which means
that bimolecular recombination has a greater effect on the TRPL
profile than trapping (Figure 2c).

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013,00, 1-3 | 5
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Under low excitation fluence (here N, < 105 cm™3), trapping
is the dominant recombination process as k;Ny > kgNZ. This
is demonstrated in Figure 2b where the trapping contribution
%Tp, is close to 100% over the whole time-range studied (blue
curves). Consequently, the total trapping contribution %Tp,, is
close to 100% while the total bimolecular contribution %Bp, is
negligible (Figure 2c). In this regime, the BT rate equation and
TRPL (Equations 13 & 15) can be simplified to:

dn

T —kyn(t) = Ipgpy (t) < e72krt

(26)

Physical Chemistry Chemical Physics
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The TRPL therefore follows a mono-exponential trend

dependent only on the trapping rate constant kr and,does not
depend on the initial carrier concentratiol: Ny 1{I3Rie U 0h
Figure 2a). The low contribution of bimolecular recombination
in this regime may lead to inaccurate determination of the
bimolecular recombination rate constant kg when fitting TRPL.
To illustrate this, we simulate TRPL decays at low fluence using
the BT model and add some noise to emulate experimental
conditions. The decays are then fitted using the same model
yielding the accurate value of k but an inaccurate value of kg,
even though the correct values of the parameters were used as
initial guesses (Figure 2d).

a) b)
N — SR 0
S 1 75 25
z Medium fluences 3 X
£ < o
= 1 =50 _ 50 ©
ta' = Limited information zone ®
E j 751 :(ITRPLSO-Ol) 75
J N »
0 50 100 150 200 0 50 100 150 200
Time (ns) Time (ns)
c) : : . : : d) 10
Low Medium i S S R s s s 100
100 . a5
: x
2 : 75 &
= 95 : E
= : £
§ = - g
E E ; 100 fee 50 5
£ : : B e -
C 25 : ; wi— 1% £
: : e 5
L] 1 U
0 ' E rr— 5 10
1014 1015 1016 1017 1018 1019 1020 1014 1015 1016 1017 1018 1019 1020
Ng (cm’) Ng (ecm?)

Figure 2: Fluence dependence on the recombination process and the determination of their rate constants as predicted by the
bimolecular-trapping model. a) Simulated TRPL decays, b) relative trapping %Tp; and bimolecular %Bp; contributions to the
change in the TRPL intensity and c) total bimolecular and trapping contributions to the change in the carrier concentration (%B
and %T) and the TRPL intensity (%Bp;, and %Tp,) at increasing excitation fluences (101*cm =3 < Ny < 102° cm™—3). In b) the red
dashed lines indicate where the associated normalised TRPL intensity becomes lower than 0.01 and 0.001. The red area defines
the time for each excitation fluence over which the TRPL intensity is lower than 0.01 and thus where information about trapping
may not be recoverable. d) Bimolecular kg and trapping k rate constants obtained from fitting TRPL decays with added noise,
and normalised to the values used in the simulations (R? > 0.998). A value of 1 or close to 1 indicates that it is accurately retrieved.

The double arrow indicates the fluence range where both rate constants can be retrieved with less than 10 % relative error. The
total trapping %Tp,, and bimolecular %Bp;, contributions calculated from the fits are also shown as dashed lines.

Under medium excitation fluence (k;Ny~ kgNE, here
No~ 10%° —10%° ¢m~3), the bimolecular trapping
contributions comparable, with bimolecular
recombinations dominant in the initial decay and trapping
dominant in its tail (green curves in Figure 2b). The TRPL profile
is dependent on the initial carrier concentration (green curves
in Figure 2a). Since both %75, and %Bp; are non-negligible, it

is possible to accurately retrieve both recombination rate

and
are

6 | J. Name., 2012, 00, 1-3
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constants from the fitting of simulated medium fluence TRPL
decays with added noise as shown in Figure 2d.

Under high excitation fluence (kyNy < k,N¢, here N, >
101° ¢cm™3), the bimolecular contribution is initially dominant
but quickly decreases as the carrier concentration n(t)
decreases while the trapping contribution increases (yellow
curves in Figure 2b). It may thus be possible to retrieve the
trapping rate constant at the tail of the TRPL decay where the
carrier concentration is low and %Tp; is high. However,

This journal is © The Royal Society of Chemistry 20xx
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experimentally measured TRPL decays usually include a certain nP(0) —nP(RP) = N, (27)
degree of noise which may limit the determination of the View Article Online
trapping rate constant as the S/N is lower at lower TRPL DOI: 10.1039/DOCP04950F

intensity (i.e. at the tail of the decay). For example, the time at
which the normalised TRPL intensity reach 0.01 is shown as
dashed red lines in Figure 2b. Under high fluence, trapping only
contributes a few percent of the total recombinations before
the TRPL reaches 0.01 normalised intensity in Figure 2b (yellow
curves). Consequently, fitting TRPL decays simulated at high
excitation fluences with added noise yields an accurate value of
kg but not of k (Figure 2d). Improving the S/N (e.g. 0.001 curve
in Figure 2b) improves the accuracy of the trapping rate
determined (Figure S5 shows the value of k; and kg retrieved
from fitting for different amount of noise).

The accuracy of the rate constant values retrieved from fitting
(at any fluence) can be estimated by calculating the total
bimolecular and trapping contributions using these values. For
example, in Figure 2d the values of the rate constant retrieved
from fitting become inaccurate when %B,, and %Tp,, get close
to zero, respectively at low and high fluence, consistent with our
previous observations.

The different fluence regimes of the BT model are summarised
in Table S1.

Incomplete recombination

As TCSPC measurements generally require millions to billions
excitation pulses to obtain an appropriate S/N, fitting
experimentally measured TRPL by simulating only the first
excitation pulse (referred to as the single pulse approximation
hereafter) requires that all charge carriers recombine between
two consecutive excitation pulses. To illustrate this, we
compare the evolution of the carrier concentration after
multiple consecutive pulses with excitation repetition periods
RP = 25ns and RP = 200 ns (Figure 3a). In both cases, the
first pulse excites n?=1(0) = N, carriers. When measured with
a 200 ns repetition period, nP=1(RP) = 0.01 N, carriers are
left in the bands just before the second excitation pulse (red
curve). The initial carrier concentration of the second excitation
pulse is thus n?=2(0) = n?=1(RP) + N, = 1.01N, leading to a
similar variation of the carrier concentration as after the first
pulse (Figure 3a). The resulting TRPL decay after 10° pulses is
thus similar to the TRPL decay simulated with only the first
excitation pulse (Figure 3b) and single pulse fitting can
therefore be used. Conversely, with a 25 ns repetition period,
nP=1(RP) = 0.34 N, carriers are left in the system before the
second excitation pulse (purple curve in Figure 3a). The higher
initial carrier concentration of the second pulse n?=2(0) =
1.34N, accelerates the recombination due to the higher
bimolecular contribution. The TRPL decay obtained after 10°
pulses is 1.9 times more intense than the single pulse TRPL
decay (not shown here) and decays faster due to the higher
carrier concentration (Figure 3b). Such decay cannot be fitted
with a single pulse and would require the simulation of all the
excitation pulses. The accumulation of charge carriers in the
system continues until as many carriers recombine after an
excitation pulse as carriers are generated by the latter (Figure
3a):
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Figure 3: Effect of incomplete depopulation on the carrier concentration and TRPL over time as predicted by the bimolecular-
trapping model at medium fluence excitation (No = 1017 cm™3) and different excitation repetition periods (RP = 200 ns, 25 ns).
a) Carrier concentration n? (t) normalised to its initial value after the first excitation pulse n?=1(0) over 400 ns and b) normalised
TRPL intensity after 10° pulses. The TRPL decay simulated after a single pulse is also shown for comparison. ¢) Maximum difference

between the single pulse and multiple pulse normalised TRPL and carrier concentration at increasing Ny (the repetition period was

chosen such that Irgp. (RP) /Irgp,(0) = 0.25).

This carrier accumulation (CA) does not affect the profile of the
TRPL decay at low fluences (as shown in Figure 3c & S6) as
monomolecular recombination does not depend on the carrier
concentration  (although the increased initial
concentration may drive the system in a regime where
bimolecular recombination are non-negligible). As the fluence is
increased, CA becomes more and more important partially due
to the higher contribution of bimolecular recombination (Figure
3c).

Assuming that the carrier concentration stabilises over a small

carrier

fraction of the total number of excitation pulses experimentally
required to obtain a good S/N TRPL decay (as suggested by our
simulations), it is possible to simulate and fit TRPL decays
resulting from billions of excitation pulses by only simulating a
small fraction of them and by considering the last simulated pulse
to be representative of the system measured (referred to as the
multiple pulse approximation hereafter). However, multiple
pulse fitting is much slower than single pulse fitting and
measuring incomplete decays (i.e. without their tail) reduces the
range of fluences where ki and kg can both be accurately
retrieved as discussed in Note S7.

It is thus essential to avoid CA in order to use single pulse fitting.
This can be ensured by choosing an excitation repetition period
such that the TRPL decay reaches zero. The TRPL decay can only
reach zero if the TRPL intensity after each pulse I?RPL reaches
zero by the end of the repetition period as per Equation 1:

Irgp,(RP) = 0= 1L, (RP) =0 (28)

8 | J. Name., 2012, 00, 1-3
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Since the TRPL intensity is proportional to the square of the
carrier concentration, Equation 28 implies that the carrier
concentrations also reach zero:

I?RPL(RP) =0=>nP(RP)=0 (29)

As per Equation 27, this means that the initial carrier
concentration of each pulse is n?(0) = N, and therefore CA is
negligible. It is thus straightforward to avoid CA according to the
BT model by choosing an excitation repetition period such that
the TRPL decay is fully measured (e.g. when I;gp; is at least
0.01% it indicates under 1% of non-recombined charge carriers).

Bimolecular-trapping-detrapping model

Contrary to the BT model, the BTD model does not consider
trapping and detrapping to be synchronous. For the following
analysis and discussion, we assume that the doping
concentration is of the same order of magnitude than the trap
state concentration, and that the trapping rate constant is much
higher than the bimolecular and detrapping rate constants.

Fluence regimes

We investigate the fluence dependence of the BTD model by
simulating the carrier concentration and TRPL for a wide range of
initial carrier concentrations. Contrary to the BT model, the BTD
model does not predict a straightforward trend of the TRPL
profile (Figure 4a). We note that over the whole fluence range
studied, the total trapping %T and detrapping %D contributions
are always equal since as many carriers get trapped and

This journal is © The Royal Society of Chemistry 20xx
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detrapped, however, their contribution to the change in the TRPL
intensity are different as discussed hereafter (Figure 4c).
Under low excitation fluence (i.e. Ny < Nr, here Ny <5 X%
10'2 ¢m™3), the hole concentration can be assumed constant
and equal to the doping concentration, and therefore the
bimolecular contribution has a monomolecular behaviour:

B(t) = kgAn ()[An,(t) + pol = kpAn ()p, (30)
As the photoexcited electron concentration is much lower than
the trap states concentration, the trap states can be considered
empty at all time and the trapping contribution has also a
monomolecular behaviour:

T(t) = krAne () [Ny — n ()] = krAn,(ONy  (31)
The bimolecular and trapping processes are therefore
undistinguishable in this regime. Since the hole concentration is
constant, the TRPL intensity follows the same trend as the
electron concentration and is mono-exponential which shape
does not depend on the excitation fluence (Figure 4a):
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IrrpL(t) = polAn, e~ (kppo+krNr)t — okmt

(32)
View Article Online

DOI: 10.1039/Q0CP04950F
where ky = kgpg + krNy. In the present simulations,” we

assumed kyNr > kgp, and therefore the TRPL decays only
depend on the product k;N; (other cases are discussed in Note
S8 but Equation 32 remains valid). This is consistent with the
negligible bimolecular %Bp; and detrapping %Dp,, contributions
to the change in the TRPL intensity shown in Figure 4c. As
discussed for the BT model, only ky, can be retrieved from fitting
TRPL decays in this regime and therefore any combination of
values of kg, po, kr and Ny yielding the same value ky, are a
solution to the fit. We demonstrate this by fitting TRPL decays
simulated with the BTD model in the low fluence regime where
different sets of values of kg, po, kr and Ny are retrieved, all
yielding the same k;; value (Note S9).

As the excitation fluence increases and become close to the trap
state concentration, the availability of the trap states needs to be
considered and trapping has a bimolecular behaviour leading to
non-exponential TRPL profiles.
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Figure 4: Fluence effect on the recombination processes predicted by the bimolecular-trapping-detrapping model. a) TRPL decays
and c) total bimolecular, trapping and detrapping contributions to the change in the carrier concentrations (%B, %T, %D respectively,
full curves) and TRPL intensity (%Bp,, %Tp,, %Dy, respectively, dashed curves) at increasing excitation fluences (1012 — 107 ¢m™3).
b) Evolution of the photoexcited electron (4n,), hole (Any) and trapped electron (n;) concentrations, and TRPL intensity (I7zp), and
d) associated relative bimolecular (%B), trapping (%T) and detrapping (%D) contributions after an excitation pulse generating N, =

2 X 10 ¢m~3 (Ny: trap state concentration).
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Under medium excitation fluence (i.e. Ny < Ny < ~100Ng,
here Ng~6 x 10%3 — 6 x 10> cm™3), the electrons quickly fill
the trap states to saturation (Figure 4b). The trapping then
slows down due to the absence of available trap states and the
free electrons can only undergo bimolecular recombination
while the high trapped electron concentration leads to an
increase of the detrapping contribution (Figure 4d). As these
processes are slower than trapping, the TRPL decay decrease
slows down after about 100 ns in Figure 4b. Since the hole
concentration can be assumed constant over the initial trapping
phase (as previously discussed in the low fluence regime) the
TRPL intensity can thus be considered proportional to the
electron concentration as observed in Figure 4b. The trap state
concentration can thus be roughly determined from the
difference between the TRPL initial intensity and its intensity at
tsqr Where the TRPL decrease slows down, multiplied by the
initial carrier concentration (Note S10):

Np~[Irrp(0) = Irgpy (tsqe)INg  (33)

The trapping rate constant can also be extracted from the
trapping phase by fitting the initial TRPL decay with a mono-
exponential function, as long as it remains mono-exponential
(i.e. that the trap states remain mostly empty, Note $S10). As the
trap states are filled, the detrapping and trapping contributions
become equal such that any electron detrapped gets replaced
by another electron and the trap states remain full at any time
(Figure 4b & d). This steady-state continues until the electron
concentration becomes low enough that trapping becomes
slower than detrapping and the trap states depopulate. As for
the low fluence regime, detrapping can happen after the TRPL
intensity has reached zero and has therefore a limited
contribution to the change in its intensity as shown in Figure 4c.
Since all the recombination processes are non-negligible in this
regime, it is possible to accurately retrieve all the parameters of
the model (Note S9). However, contrary to the BT model where
a set of values gives a very distinct TRPL decay, the BTD model
can yield very similar TRPL decays calculated from different sets
of values, even over a wide range of fluences as discussed in
Notes S11 & S12). It is thus necessary to ensure that only 1 set
of values can fit the data by running the fitting optimisation with
a wide range of guess values such that all the optimisations
converge toward the same solution (Note S11).

Under high excitation fluences (i.e. Ny > Nr, here Ny > 6 X
105 ¢cm™3), the trap states are immediately saturated and
most carriers undergo bimolecular recombination leading to
dominant bimolecular contribution (Figure 4c). If the doping
concentration is much lower than the photoexcited carrier
concentrations, only the bimolecular rate constant can be
accurately retrieved (Notes S9 & S11).

Therefore, we advise to measure TRPL decays in the medium
fluence regime where all the recombination processes are non-
negligible. This regime can easily be identified by the fast initial

Please do not adjust margins
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drop of the TRPL intensity followed by acslowercecayodRBE
decays measured in the low and high fluence regime can
respectively be used to determine the product kN and kg.
Furthermore, we recommend carrying out several fittings with
different sets of guess values in order to confirm that only 1 set
of values can fit the TRPL decay (Note S11).

Incomplete recombination

As previously discussed, experimental TRPL can only be fitted
with a single excitation pulse by ensuring recombination of all
the carriers between consecutive excitation pulses. As for the
BT model, CA due to incomplete electron recombination can
easily be avoided by ensuring that the TRPL intensity reaches
zero, however, the BTD model predicts that trapped electrons
can recombine non-radiatively after the free electron
concentration, and therefore after the TPRL intensity, has
reached zero. For example, in Figure 5a & b although both RP =
100 us and RP = 15 us allow recombination of most free
electrons, RP = 15 us does not allow all the trapped electrons
and free holes to recombine before the next excitation pulse.
The resulting TRPL after many consecutive excitation pulses
shows a smaller initial decrease due to the presence of the
trapped electrons, effectively reducing the available trap state
concentration in the model (Figure 5b & c). Furthermore, the

higher initial hole concentration affects bimolecular
recombination.
Due to the non-radiative nature of trap-mediated

recombination, CA of trapped electrons is more complicated to
avoid than CA due to incomplete depopulation of the free
electrons. The maximum difference between the single and
multiple pulse TRPL decays was calculated at different
excitation fluences for a repetition period chosen such that
Irrpr (RP)/Irgp,(0) = 10~* (Figure 5d). Trap based CA does
not affect the TRPL profile in the low fluence regime as the latter
does not depend on the initial carrier concentration (however,
if the initial carrier concentration becomes comparable to the
trap state concentration, the TRPL profile then becomes
dependent on the carrier concentration as shown in Figure 5d).
In the high fluence regime, trap based CA is always negligible as
trapping is also negligible compared to bimolecular
recombination (Figure 5d). The highest difference due to CA is
observed in the medium fluence regime. In this regime, it is
possible to ensure complete depopulation of all trap states by
gradually increasing the repetition period. Doing so allows more
and more trapped electrons to detrap and the TRPL profile
converges toward the single pulse TRPL profile (Figure 5c).

As for the BT model, the multiple pulse approximation can be
used to fit TRPL decays subjected to CA. However, the higher
occupation of the trap states limits the trapping contribution
and thus may reduce the accuracy of the trapping rate constant
and the trap state concentration retrieved (Figure S9c).

Our observations on the BTD model are summarised in Table
S2.
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Figure 5: Evolution of the photoexcited electron An,, hole Any, trapped electron n, concentrations and TRPL intensity I7zp; as
predicted by the bimolecular-trapping-detrapping model (N, = 104 cm~3) over 3 consecutive excitation pulses for a a) RP =
100 us repetition period leading to negligible carrier accumulation and a b) RP = 15 us repetition period leading to non-negligible
carrier accumulation (X = An,, Any, n, ITgrp)- €) Normalised TRPL decays after multiple excitation pulses for different excitation
repetition periods, compared to the TRPL after the first excitation pulse (single pulse). d) Maximum difference between the single
pulse and multiple pulse normalised TRPL and carrier concentration decays at increasing N, (the repetition period was chosen

such that Irgp, (RP)/IrrpLo) ~107%).

Determination of the doping concentration

Although the absolute intensity measured by TCSPC is not
usable due to the unknown ratio between the number of
photons measured and photons emitted, it can still potentially
be used to determine the doping concentration of the system.
The experimentally measured initial TRPL intensity depends
upon the initial carrier concentration (assuming negligible CA)
and the doping concentration:

Irgpr,(0) o< No(No +po)  (34)

The doping concentration can be determined by measuring the
initial TRPL intensity at two or more fluences N§! and NZ (Note
S13):

o — PPars VP NGY? i, ()PP NG
0 I#RPL(O)PBN(? - I?RPL(O)PAIV(;4

(35)

where the number of pulses P can be calculated from the
measurement time M and the repetition period:

M
P_ﬁ (36)

Lifetime-based interpretation of TRPL

Interpretation of TRPL decays based on their lifetime is highly
popular thanks to its simplicity. However, this method presents
many limitations and drawbacks. Lifetime-based analysis does
not consider the dependence of the recombination processes
on the carrier concentration unlike the BT and BTD models. It
can therefore only be used to compare samples measured with
the same initial carrier concentration N,, not subjected to any
CA (as it affects the initial concentration) and presenting the
same recombination processes (e.g. it is not possible to
compare a perovskite film with and without contact with an
electron transport layer as injection may happen in the latter).
Furthermore, any observation made using this method is only
valid for the initial carrier concentration used and may not be
valid under solar cell operation for example. If these
requirements are met and assuming that the electron and hole
concentrations are equal at all time (as in the BT model), a
longer overall lifetime of the TRPL indicates a longer lifetime of
the free carriers and thus potentially a better efficiency of the
perovskite when working in a complete device.


https://doi.org/10.1039/d0cp04950f

Please do not adjust margins

Published on 23 November 2020. Downloaded by Swansea University on 11/23/2020 1:25:13 PM.

Physical Chemistry Chemical Physics

ARTICLE
View Article Online
a) b) 100 ' c) DOL: 10.1039/DOCPO4950F
1.00 ke T1
40[ -, e o H
80 ‘.\ T2
s 07> 2 = 30} 1
= — ) .
z 5 60 £ o3
= = 3%
2 0.50 E g Y
g Qo =] 20 *s
= 5 40; K]
2 5 =5 .
+£0.25 O 10 e
20t
0.00} ]
i § i i 0 i Ot i ]
0 20 40 60 80 100 107 102 10? 107 102 10t
lime{ns] kr (ns™?) kr (ns™)

Figure 6: Lifetime-based interpretation of TRPL decays. a) TRPL decays simulated with the bimolecular-trapping model with
increasing trapping rate constant k; and b) corresponding total trapping %T and bimolecular %B contributions to the change in
the carrier concentration. The amplitudes A; and lifetimes t; obtained from bi-exponential fitting of the TRPL decays are shown in

b) and c) respectively (R? > 0.999).

Multi-exponential models are usually used to quantify
recombination processes by associating lifetimes with them.
Here we discuss the suitability of this type of analysis by fitting
TRPL decays simulated with the BT model with a bi-exponential
function. Based on TRPL decays fitted with a bi-exponential
function typical in literature, TRPL decays were simulated with
the BT model with an increasing trapping rate constant (Figure
6a). The resulting amplitudes and lifetimes from bi-exponential
fitting of these decays are reported in Figure 6b & c. The
amplitude A; of the shorter exponential decreases while the
amplitude A, of the longer component increases as the
trapping rate constant increases. Considering the general
assignment of the shorter component to trap-mediated
recombination and the longer component with bimolecular
recombination, the results of this fit could be interpretated as
an increase of the contribution of bimolecular recombination
and a decrease of the trapping contribution. However, this is
inconsistent with our simulations as an increase of the trapping
contribution and a decrease of the bimolecular contribution are
predicted (Figure 6b). Although the decrease of the shorter
lifetime 7, is consistent with the higher trapping rate, the
decrease of 7, is inconsistent with the slower bimolecular rate
due to lower carrier concentration induced by the higher
trapping rate (Figure 6c). Bi-exponential fitting of TRPL decays
can thus lead to misinterpretation of the processes occurring in
the system studied and should therefore be used with scarcity.

Conclusions

Charge carrier recombination in perovskites is complex and as a
result several models for charge dynamics have been used in
the literature to extract meaningful data from TRPL decays. In
this work, the limitations and fluence dependence of 2 charge
carrier recombination models commonly used in the literature
were reviewed. These models consider radiative and non-
radiative bimolecular recombination, partially responsible for

Please do not adjust margins

the dependence of the TRPL profile on the carrier
concentrations, but differ in their treatment of trap-mediated
recombination.

Both models predict dominant monomolecular trapping at low
excitation fluence leading to a mono-exponential TRPL decay.
Since other recombination processes are negligible in this
regime, only trapping related information can be retrieved (that
is the trapping rate constant k; for the BT model and the
product of the trapping rate constant and the trap state
concentration k;N; for the BTD model). Under high fluence,
bimolecular recombination is dominant and only the
bimolecular rate constant kg can be accurately retrieved.
Finally, in the medium fluence regime, the BT model predicts
non-negligible trapping and bimolecular recombination
allowing the accurate measurement of the rate constants of
both processes. In the same regime, the BTD model predicts a
fast initial trapping phase leading to a fast decrease of the TRPL
intensity, which can be used to roughly determine the trap state
concentration and trapping rate constant, followed by a slower
decrease. The BTD model can be simplified by determining the
values of some parameters beforehand; we propose a method
to calculate the doping concentration from the initial TRPL
intensity measured in the medium fluence regime. We
demonstrate that the validity of the values retrieved from the
BT model can be ensured by calculating the contribution of the
processes to the change in the TRPL intensity. Due to the higher
complexity of the BTD model, we advise ensuring that multiple
sets of parameters’ guess values for the fitting optimisation
yield the same solution. We note that we limited this study on
fitting single TRPL decays showing that it may be possible to
accurately retrieve results from the model used in the medium
fluence regime. However, we expect the accuracy of the results
would be further improved by carrying out a global fitting of
TRPL decays measured at different excitation fluences.
Incomplete depopulation of all photoexcited charge carriers
within the excitation repetition period leads to an accumulation
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of charge carriers in the system. This carrier accumulation
usually happens over less than a few hundred excitation pulses
and can alter the intensity and profile of the TRPL decay. Carrier
accumulation due to incomplete electron recombination was
found to be easily avoidable by choosing an excitation
repetition period such that the TRPL intensity reaches zero.
However, carrier accumulation due to incomplete detrapping as
predicted by the BTD model only is harder to avoid as it can
happen after the TRPL intensity has reached zero. In the
medium fluence regime, complete detrapping can be ensured
by comparing the TRPL decay profile measured with 2 excitation
repetition periods. For both models, we showed that fitting
TRPL decay subjected to carrier accumulation by simulating
multiple pulses is possible but may be more limited than fitting
TRPL decays presenting negligible carrier accumulation using
single pulse fitting.

Finally, lifetime interpretation of TRPL of perovskites can only
be used in specific cases and quantifying recombination
processes using a multi-exponential fit may yield incorrect
interpretations of the TRPL.

Both models discussed here have advantages and
disadvantages: the BT model is a more simplistic approach of
recombinations in perovskites but allows easy extraction of the
process rate constants while the BTD model is more complex
but requires more complex measurements in order to
accurately retrieve the parameter values and avoid trap based
carrier accumulation. Further processes can be considered in
these models e.g. electron detrapping back the CB, Auger
recombination and carrier diffusion. However, these processes
will likely increase the complexity of the models and may
require more complex measurements.

Due to the dependence of the TRPL on excitation fluence and
excitation repetition period, we recommend these parameters
be included in the experimental details of all published work.
We hope that this work will aid in the analysis of the TRPL of
perovskite materials and will help the investigation of their
complex and interesting properties.
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Evaluation of commonly used models to fit the TRPL of perovskites; retrieving meaningful data requires
careful choice of excitation fluence.
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