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relevant optoelectronic properties such 
as the minority carrier lifetime, mobility, 
and charge carrier density in absorbers 
and devices.[1–4] For kesterites, TRPL is 
often used as a metric for absorber quality 
for comparing and optimizing device 
performance.[5–25] Characteristic photo-
luminescence (PL) decay times of a few 
nanoseconds are commonly reported and 
associated with the minority carrier life-
time τn for this material. However, little 
experimental justification is often pro-
vided for the conclusion that the reported 
PL decay times should be related to the 
minority carrier lifetime of the absorber.

One of the challenges of interpreting 
TRPL data is that numerous charge car-
rier dynamics can influence the measured 
PL decay. Detailed theoretical and experi-
mental discussion regarding the role of 
various absorber properties and measure-
ment conditions on the PL decay signal 
are reported by Maiberg et al.,[2,26,27] 
Ahrenkiel,[1,28] and Kuciauskas et al.[4] 
First, carrier redistribution processes can 
dominate the early decay signal, as illus-

trated in Figure 1a. As generation follows a Beer–Lambert 
absorption profile, carrier diffusion will occur during initial 
times following the excitation pulse; this process may include 
energetic relaxation of carriers due to gradients in the absorber 
or due to potential (i.e., electrostatic or band gap) fluctua-
tions, as illustrated. Following carrier redistribution, radia-
tive and nonradiative recombination in addition to properties 
such as surface recombination, carrier drift in an electric field, 
absorber inhomogeneity, material degradation, and minority 
carrier trapping can have a significant impact in the measured 
signal.[1,2,27,29–32] An illustration of various process which influ-
ence the TRPL decay is shown in Figure 1b. Further details 
regarding the role of processes shown in Figure 1 in rela-
tion to the PL decay are discussed throughout the text. These 
effects make characterization of nonideal or highly defective 
materials, such as Cu2ZnSnSe4 (CZTSe) or Cu2ZnSn(S,Se)4 
(CZTSSe), difficult. While isolating the impact of various 
sample properties on the PL decay is possible, as demon-
strated in this work, such analysis is often overlooked in the 
interpretation of PL decay times for kesterites, which can 
result in incorrect conclusions regarding fundamental device 
properties.

Time-resolved photoluminescence (TRPL) is a powerful characterization 
technique to study carrier dynamics and quantify absorber quality in semi-
conductors. The minority carrier lifetime, which is critically important for 
high-performance solar cells, is often derived from TRPL analysis. However, 
here it is shown that various nonideal absorber properties can dominate the 
TRPL signal making reliable extraction of the minority carrier lifetime not pos-
sible. Through high-resolution intensity-, temperature-, voltage-dependent, 
and spectrally resolved TRPL measurements on absorbers and devices it is 
shown that photoluminescence (PL) decay times for kesterite materials are 
dominated by minority carrier detrapping. Therefore, PL decay times do not 
correspond to the minority carrier lifetime for these materials. The lifetimes 
measured here are on the order of hundreds of picoseconds in contrast to 
the nanosecond lifetimes suggested by the decay curves. These results are 
supported with additional measurements, device simulation, and compar-
ison with recombination limited PL decays measured on Cu(In,Ga)Se2. The 
kesterite material system is used as a case study to demonstrate the general 
analysis of TRPL data in the limit of various measurement conditions and 
nonideal absorber properties. The data indicate that the current bottleneck for 
kesterite solar cells is the minority carrier lifetime.
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Carrier Lifetime

1. Introduction

Time-resolved photoluminescence (TRPL) is a useful tech-
nique to characterize charge carrier dynamics in semicon-
ducting materials. This technique can be used to extract 
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Major discrepancies are apparent in the reported analysis 
of TRPL data for kesterites. First, no correlation between the 
measured PL decay times and device performance over a wide 
range (1%–12%) of device efficiencies (shown in Figure 2) and 
open-circuit voltage VOC (see the Supporting Information) can 
be found from published TRPL data.[5–24] These results are 
in contrast to that found from TRPL analysis of chalcopyrites 
and CdTe where a correlation with device efficiency and VOC is 

clear, as τn is a measure of recombination losses.[33–36] However, 
for kesterites the connection between PL decay time and the 
assumed τn is not apparent, as the reported decay times rep-
resent arbitrary measurement excitation conditions and data 
analysis procedures; characteristic decay times from a variety of 
fitting regions and techniques are reported for measured TRPL 
data. Additionally, PL decay times as high as 1–10 ns can be 
found for devices with <4% efficiencies.

Second, TRPL data are commonly reported from measure-
ments on completed kesterite devices,[5–12,16–18,24] despite the sig-
nificant effect that charge-carrier separation in an electric field 
has on PL decays.[2,4,30,31,37] A more concerning observation is 
that no difference between PL decays measured on absorbers and 
measured on devices is characterized for kesterites, as seen in 
Figure 2 where measurements on absorbers and devices are dis-
tinguished, and also reported for high-efficiency kesterite devices/
absorbers[25] and devices/absorbers reported here (Section 2.2). 
These results illustrate that a straightforward recombination lim-
ited PL decay model is inapplicable for kesterites.

Finally, PL decay times commonly reported for kesterites 
do not match the corresponding device performance or VOC 
from simulation if these values are indeed the minority carrier 
lifetime. For device simulation, reasonable input parameters 
currently known for kesterites (discussed in detail in the Sup-
porting Information), with a range of interface recombination 
velocities in addition to variations in the mobility gap were con-
sidered. A reduced mobility gap can be the result of potential 
fluctuations/band tailing in the absorber,[25,38,39] all of which 
have been proposed for kesterites. It is found that the meas-
ured PL decay times overestimate the minority carrier lifetime 
for a given device efficiency (shown in Figure 2) and Voc (see 
the Supporting Information) for all bounds on the simula-
tion considered. Similar conclusions were observed by Repins 
et al. following device simulation.[22] Device simulation and 
experimental results in chalcopyrites and CdTe demonstrate 
that sub-nanosecond minority carrier lifetimes are sufficient to 
achieve power conversion efficiencies (PCE) up to ≈13%,[34,40] 
representing the performance level currently reported for 
kesterites.[41]

In this work, we analyze intensity-, temperature-, voltage-
dependent, and spectrally resolved TRPL data measured on 
CZTSe and CZTSSe absorbers and devices to determine the 
origin of the PL decay signal. Absorbers from different pro-
cessing techniques are considered to generalize our observa-
tions. First, an analysis methodology is presented to accurately 
determine the minority carrier decay time from intensity-
dependent TRPL data of nonideal semiconductors. For the 
CZTSe and CZTSSe absorbers, we demonstrate that carrier 
redistribution processes dominate the TRPL signal for early 
decay times, illustrating the need for good signal-to-noise ratio 
when analyzing TRPL data for kesterites. We also show that 
long decay times observed in high-resolution TRPL data of kes-
terites are related to surface states. Next, we show that TRPL 
data are not consistent with a recombination limited PL decay 
model for the kesterite absorbers and devices. Alternatively, a 
model for minority carrier trapping/detrapping is shown to be 
consistent with PL decay signal. From this analysis, minority 
carrier lifetimes of a few hundred picoseconds are estimated 
for the measured absorbers, which are further supported from 
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Figure 1. a) Illustration of the initial carrier redistribution following Beer–
Lambert absorption upon excitation. The black arrows indicate axial diffu-
sion of carriers, which may involve energetic relaxation into local potential 
minima. b) Illustration of various charge-carrier dynamics measured with 
TRPL. τrad indicates the radiative recombination lifetime, τnr nonradiative 
recombination lifetime, τS surface recombination lifetime, τcs charge-sep-
aration time due to an electric field, and τc and τe minority carrier capture 
and emission times, respectively, into a trap state(s). Potential fluctua-
tions shown in (a) are not depicted in (b) due to the relatively extended 
length scale of the illustration.

Figure 2. Comparison of PL decay times measured on kesterite 
absorbers and devices versus their corresponding device power con-
version efficiency (PCE); decay times for absorbers are measured prior 
to device completion or on equivalent absorbers to that of the corre-
sponding device PCE. Data are taken from refs. [5–24]. The solid lines 
represent device simulation results bounded by SF = 102–106 cm s−1 and 
SB = 102–107 cm s−1; the dashed line represents a lower bound on the 
efficiency for a reduced mobility gap Eµ = EPL,Peak. The data point labeled 
τn represents the minority carrier lifetime value estimated in this work, 
with the corresponding measured PL decay time as indicated.
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steady-state PL measurements, electrical characterization, and 
device simulation. These results illustrate that TRPL decay 
times measured for kesterites do not represent the minority 
carrier lifetime in these materials. The analysis methodology, 
discussion, and simulation results presented herein are gener-
ally applicable to TRPL analysis of semiconductors.

2. Results and Discussion

One common feature of kesterite absorbers is a low PL effi-
ciency due to significant nonradiative recombination. For the 
measured CZTSe device, an internal PL efficiency of <0.01% 
is measured from steady-state PL calibrated to absolute photon 
numbers. Additionally, TRPL data measured on kesterites 
are typically reported with poor signal-to-noise ratio, with PL 
decays generally resolved over 1–3 orders of magnitude of 
signal decay.[5–7,9–12,14,15,18,20–24] As various transport mecha-
nisms can occur within this decay range care must be taken in 
interpreting such signal.

In contrast, here we report TRPL data, shown in Figure 3, 
for CZTSe and CZTSSe with up to five orders of magnitude 
of signal decay, where we find unique features common to 
both absorbers. A comparison of TRPL data for the CZTSe and 
CZTSSe absorbers from the distinct processing techniques 
shows notably similar PL decays for both absorbers. The data 
can be described by an initial biexponential decay, followed by 
a long exponential tail of the decay with characteristic decay 
time of 17 ns. The long tail in the PL decay can be resolved fol-
lowing four orders of magnitude of signal decay and is reported 
for the first time here. The decay tail is identically observed on 
absorbers, absorbers passivated with CdS, and devices in high-
resolution TRPL measurements. Spectrally resolved TRPL data 
show that the PL emission from the tail region is energetically 
equivalent to the main PL decay (see the Supporting Informa-
tion), ruling out this signal originating from a secondary phase 
or low-energy transition. A comparison of absorbers with 

different surface treatments to remove oxides shows that this 
decay tail is related to surface states on the absorber, detailed 
in the Supporting Information. If this tail is close to the noise 
level of the signal, an artificially high value for τ2 may be 
extracted from a biexponential fit to the data.

2.1. Intensity-Dependent and Spectrally Resolved TRPL

To describe the measured PL decay, excitation-intensity-
dependent TRPL was analyzed for both CZTSSe, shown in 
Figure 4a, and CZTSe (see the Supporting Information); both 
absorbers yield equivalent results. The excitation intensity was 
varied from low injection, where the initial carrier generation is 
lower than the free carrier density Δnt=0 < p0, to high injection 
where Δnt=0 > p0.

While the bulk of the PL decay signal has a similar charac-
teristic decay time for all injection levels, the initial decay rate 
for t < 1 ns increases for increasing injection levels, particularly 
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Figure 3. Comparison of TRPL data for CZTSe and CZTSSe (≈1017 cm−3 
carrier injection); CZTSe data are offset for clarity as the decays overlap. 
CZTSSe data are shown in the inset.

Figure 4. a) Intensity-dependent TRPL data for CZTSSe measured at 
Δnt=0 = (1.1 × 1015, 2.3 × 1015, 4.5 × 1015, 9.1 × 1015, 2.3 × 1016, 4.5 × 1016, 
9.1 × 1016, and 1.4 × 1017) cm−3. Normalized TRPL data are shown in the 
inset. The arrow indicates increasing injection. The data labeled IRF is 
the instrument response function. b) Time-shifted TRPL (ts-TRPL) data 
for CZTSSe computed from data in (a), scaled to the measured Δnt=0.
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apparent for Δnt=0 > 6 × 1015 cm−3, shown in the inset of 
Figure 4. Also, at high injection levels contributions from the 
long PL decay tail due to surface states can be resolved.

The PL intensity as a function of time IPL(t) is determined 
by the radiative emission of carriers[42] Rrad(t) = B[n(t)p(t) − ni

2], 
where B is the radiative recombination coefficient, n(t) = (n0 +  
Δnt=0Δn(t)) and p(t) = (p0 + Δpt=0Δp(t)) are the electron and 
hole densities, respectively, and ni

2 = n0p0 is the square of the 
intrinsic carrier density. Accordingly, for symmetric excess 
carrier generation Δnt=0Δn(t) = Δpt=0Δp(t) in a p-type semicon-
ductor dominated by non-radiative recombination

I t R t B n n t
p

n
n tt

t

( ) ( ) ( ) ( )PL rad 0
2 2 0

0

∝ = ∆ ∆ +
∆
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=
=  

(1)

In Equation (1), the time-dependence of the PL decay is 
determined by the rate limiting loss mechanism for minority 
carriers Δn(t). Monomolecular radiative emission dominates 
at low injection, proportional Δn(t), while high-injection condi-
tions are dominated by bimolecular radiative emission at early 
times, proportional to Δn(t)2. As the time dependence of the 
PL intensity is only a function of the excess carrier density, the 
PL decays taken at various initial carrier injections can be time 
shifted to match equivalent excess carrier density levels and 
create a PL decay with improved signal-to-noise ratio.[3] This 
technique is particularly beneficial for TRPL data which con-
tain long decay tails in the high intensity measurements, such 
as that measured here for kesterites, where the long decay tail 
dominates the PL signal for long delay times. The time-shifted 
TRPL (ts-TRPL) data are shown for CZTSSe in Figure 4b; the 
long decay tail is not included in the ts-TRPL data for the high-
intensity measurement data. In contrast to the highest injection 
measurement in Figure 4a, low values of the excess carrier den-
sity Δn(t) can now be accurately resolved.

The ts-TRPL data show excellent agreement with 
Equation (1). At low excess carrier densities, the decay is mono-
molecular over more than three orders of magnitude where we 
find exponential behavior of Δn(t) = exp[−t/τ] with τ = 1.1 ns 
for CZTSSe and τ = 1.2 ns for CZTSe. At high excess carrier 
densities data are in good agreement with a decay rate deter-
mined by bimolecular emission ∝ Δn(t)2 = exp[−2t/τ]. Accord-
ingly, axial diffusion — which may also affect the PL decay 
at high injection[2] — should be negligible, indicating a rela-
tively high mobility µn > 75 cm2 V−1 s1 for the kesterites (see 
the Supporting Information). The ts-TRPL data have been 
uniformly scaled in Figure 4b to the measured initial carrier 
injection Δnt=0, which allows for determining the free carrier 
density p0 ≈ 1.8 × 1016 cm−3 for CZTSSe. This value is in good 
agreement with the free carrier density measured by capaci-
tance–voltage profiling on devices measured here (see the Sup-
porting Information) and on equivalently processed CZTSSe 
devices,[20,43] illustrating the benefit of intensity-dependent 
TRPL in extracting this parameter for absorbers without the 
need for device fabrication.

Agreement of the ts-TRPL data with Equation (1) indicates 
that Δn(t) is independent of the carrier injection levels meas-
ured. In other words, a single decay time τ can describe the 
entire decay of excess carriers. This behavior rules out radia-
tive and Auger recombination limits for Δn(t), where τ varies 

as a function of Δn.[3,44] Additionally, Shockley–Read–Hall 
(SRH) recombination is expected to be dependent upon the 
injection level, with the decay time τ ≈ τn0 in low injection 
and τ ≈ τn0 + τp0 in high injection,[1,26] where τn0 and τp0 are 
the SRH minority and majority carrier lifetimes, respectively; 
an intensity-independent decay time would only be expected 
for τp0 ≪ τn0. Intensity-dependent minority carrier lifetimes 
consistent with SRH recombination have been reported for 
CIGSe.[45] Alternatively, an exponential decay of Δn(t) can be the 
result of minority carrier detrapping,[27] detailed in Section 2.5.

Closer inspection of the intensity-dependent decay curves 
yields additional information regarding charge carrier dynamics 
in the absorber. In Figure 4b, data for t < 1 ns in low injection 
data have not been included in the ts-TRPL data. However, 
in Figure 5a, the decay curves with the initial decay times are 
shown. For low injection conditions, a deviation from Δn(t) (i.e., 
Equation (1)) of the measured PL decays for t < 1 ns can be seen. 
These deviations are characterized by an increase in the initial 
decay rate following the excitation pulse. For a given low injec-
tion measurement, this initial deviation in PL decay rate is incon-
sistent with decay data measured at higher initial injection levels, 
where equivalent Δn(t) values are probed following an arbitrary 
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Figure 5. a) Time-shifted TRPL (ts-TRPL) data for CZTSSe computed 
from data in (a), scaled to the measured Δnt=0. b) Normalized emission-
energy-dependent TRPL data for CZTSSe; the white dashed line indicates 
the PL peak position.
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time after excitation (illustrated by the ts-TRPL data). Therefore, 
we attribute the decay rate for t < 1 ns to a mechanism which 
depends on the time delay following excitation, as opposed to the 
absolute magnitude of Δn(t). Surface recombination contribu-
tions typically result in an overall decreased PL decay time,[2,46] 
though high surface recombination velocities or a low absorber 
mobility may also lead to a faster initial PL decay.[2] At the same 
time, surface recombination contributions are expected to be 
independent of the carrier injection level[2] or be reduced with 
increasing injection as defect states and/or surface band bending 
becomes saturated/screened. Since we observe an increasing 
contribution from the initial decay component with increasing 
initial injection level, we conclude that surface recombination is 
not responsible for this increased initial decay rate.

To further investigate early times in the PL decay, emission-
energy-dependent TRPL data were measured for the kesterite 
absorbers, shown for CZTSSe in Figure 5b. Here, we find that 
the PL emission shifts to lower energy during the first 1 ns of 
the PL decay. This behavior occurs for both absorbers, with a red 
shift of the PL peak of ≈10 meV. As similar behavior occurs for 
samples from distinct processing and varying compositions—
with no intentional band gap grading introduced—energetic 
relaxation of carriers to local minima in band edge fluctuations 
during initial carrier redistribution, as illustrated in Figure 1a, 
is attributed to this behavior. Band edge fluctuations in this 
energy range were reported from PL measurements of kester-
ites with high Se content.[47] Carrier redistribution is indeed a 
function of delay time following the excitation pulse rather than 
Δn(t). Additionally, the energetic relaxation of carriers occurs 
on a similar time scale to the observed initial deviation in PL 
decay. Therefore, this process is proposed to contribute to the 
PL signal measured for t < 1 ns in low injection. In high injec-
tion, no deviation of the PL decay at early times is apparent as 
the faster rate Δn(t)2 dominates the decay.

Despite the relatively ideal exponential behavior identified 
for Δn(t), we have shown that processes such as carrier redistri-
bution and surface trapping can significantly impact analysis of 
TRPL data. For instance, single TRPL transients can appear as a 
complex multiexponential decay. In fact, complex decay curves 
are ubiquitously reported for TRPL analysis of kesterites.[5–24] 
Such data can be particularly challenging to interpret as carrier 
redistribution can dominate the decay signal in data with low 
signal-to-noise ratio. Additionally, long decay tails unrelated 
to the relevant minority carrier decay mechanism can obscure 
extraction of Δn(t). Accordingly, we would like to stress that 
intensity-dependent and spectrally resolved TRPL data may be 
required to distinguish various contributions in the measured 
PL decay. While an analysis methodology has been presented 
to accurately determine Δn(t) for absorbers with nonideal 
behavior, determining the origin of this rate limiting decay 
mechanism requires further investigation as detailed below.

2.2. Voltage-Dependent TRPL

The origin of the PL decay signal was further investigated with 
voltage-dependent TRPL measured on devices. In the presence 
of an electric field, photogenerated carriers are initially separated, 
resulting in a drop in the luminescence signal which follows 

the charge separation rate τcs
−1. The separation of charges in an 

electric field depends on the strength of the electric field E(V), 
minority carrier mobility µn, and competing recombination pro-
cesses, following Equation (2) in low injection[4,37]

q

kT
E V

1 1 1 1
4

( )
PL n cs n

n 2

τ τ τ τ
µ= + = +

 
(2)

where τPL is the measured PL decay rate. In high injection, the 
majority carrier lifetime τp and mobility µp are also relevant, 
yielding τn

−1 → τn
−1 + τp

−1 and µn → µn + µp. To probe charge 
separation in TRPL measurements, a DC voltage bias V can be 
applied to a completed device, since E ∝ (Vbi − V) where Vbi is 
the built-in potential. It is clear that TRPL measurements in the 
presence of an electric field, particularly on completed devices 
with a strong p-n junction, should result in a voltage-dependent 
reduction in the measured decay time relative to an absorber 
with flat energy bands, as shown for such measurements on 
chalcopyrites.[4,37]

The described charge separation effect on the PL decay is 
illustrated by voltage-dependent TRPL measured on a CIGSe 
device, shown in Figure 6a. Here, we see a measured decay 
time on the device which is significantly shorter than that of 
the bare absorber. A decrease in the charge separation rate is 
observed in forward bias, and the PL decay time approaches 
that of the bare absorber as the voltage bias approaches the flat 
band voltage (i.e., E → 0), as described by Equation (2). A long 
tail in the voltage-dependent TRPL measured on the CIGSe 
device is also observed here due to the high resolution of our 
measurement system, which is in good agreement with theo-
retically predicted charge storage effects when measuring TRPL 
in the presence of a space-charge-region.[2]

In contrast to CIGSe, the TRPL data on the investigated 
kesterites show no dependence on voltage. Voltage-dependent 
TRPL for the CZTSSe device is shown in Figure 6b, where 
the decay curves for a voltage bias from −0.8 to +0.8 V show 
identical results. Additionally, PL decays measured on devices 
are equivalent to that of the bare absorber shown in Figure 3. 
This behavior illustrates that the presence of an electric field 
has no impact on the PL decay rate for the kesterite mate-
rials studied. A lack of charge separation effects is similarly 
observed in relatively high-efficiency kesterite devices with 
>10% PCE.[25] It is conceivable that charge separation effects 
would be negligible for devices with fast recombination rates, 
where τn

−1 ≫ qµnE2/4kT according to Equation (2). However, 
this condition requires unreasonably low absorber mobilities 
(≪0.08 cm2 V−1 s−1) (see the Supporting Information) which 
do not agree with recent estimates from quantum efficiency 
(QE)[20] and time-resolved terahertz spectroscopy.[48]

The observed lack of charge separation effects reported from 
TRPL analysis of kesterites demonstrates that the PL decay 
time for this material cannot be described by a recombination 
limited processes.

2.3. Temperature-Dependent TRPL

To further examine the mechanisms driving the PL decay, 
temperature-dependent TRPL was measured on the absorbers 
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from 90 to 390 K. The minority carrier decay times as a func-
tion of temperature are shown in Figure 7 for CIGSe, CZTSe, 
and CZTSSe. A significantly stronger increase in the decay 
time is observed with decreasing temperature for the kesterite 
absorbers in comparison to that measured for CIGSe.

For SRH recombination kinetics, the recombination rate 
RSRH of minority carriers in low injection can be described by 

R
T

T T N
1
( )

( ) ( )SRH
SRH

th dτ
ν σ= =

 
(3)

where τSRH is the SRH recombination lifetime, νth is the thermal 
velocity, and N is the density of deep traps with capture cross 
section σd. In Equation (3), the thermal velocity follows νth ∝ T0.5 
while the temperature dependence of the σd is less known. 
Values of σd are reported as weakly temperature dependent or 

following a power law dependence σd ∝ Tα with −2.8 < α < 1 
for various materials.[1,3,32,49–51] A weak temperature dependence 
of σd is also commonly found in defect analysis from capaci-
tance spectroscopy.[52–55] For CIGSe, we find τ ∝ T−1.1, resulting 
in σd ∝ T0.6, which is in excellent agreement with recently 
reported temperature-dependent values for σd in CIGSe.[32] This 
value is close to σd ∝T proposed for a circular-shaped localized 
defect performing harmonic oscillations.[27] In contrast, the kes-
terite absorbers demonstrate a significantly larger temperature 
dependence with τ ∝ T−5.4 ± 0.7, resulting in σd ∝ T4.8 ± 0.7 which 
is outside the range of reported power law dependencies for σd.

Alternatively, the temperature dependence of the PL decay 
time can exhibit thermally activated behavior with an Arrhenius 
temperature dependence. In one case, the capture cross sec-
tion follows σd ∝ σ∞exp[−E∞/kT] for nonradiative capture and 
emission by multiphonon emission.[56] Such a process would 
present a dramatic contrast to the nonradiative recombination 
mechanism observed in CIGSe, and is also contradicted by the 
deviation from exponential behavior (saturation) observed at 
high temperatures. Furthermore, a strong temperature depend-
ence of the minority carrier lifetime is not supported by elec-
trical analysis of kesterite devices. Specifically, analysis of the 
saturation current J0 = J00 × exp[−EA/kT] and VOC modeling 
indicate a weakly temperature-dependent saturation current 
prefactor J00 for 100 K ≤ T ≤ 300 K, where J00 ∝ τ−1 or J00 ∝ τ−1/2 
for recombination limited in the SCR or neutral bulk absorber, 
respectively.[57] On the other hand, an exponential dependence 
on temperature is exactly what is expected from thermal emis-
sion of carriers from a trap state, as detailed in Section 2.5.

2.4. Evidence for a Sub-Nanosecond Minority Carrier Lifetime

A minority carrier lifetime of a few hundred picoseconds is sup-
ported by device simulation (see Figure 2 and the Supporting 
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Figure 6. Voltage-dependent TRPL data for a) CIGSe and b) CZTSSe 
devices. The arrow indicates increasing voltage bias on the device, from 
−0.8 to +0.5 V for CIGSe and −0.8 to +0.8 V for CZTSSe. Equivalent data 
on the bare absorber are indicated in red for CIGSe.

Figure 7. Temperature dependence of the PL decay time for CIGSe, 
CZTSe, and CZTSSe. The dashed lines represent a fit to τe

* and τSRH for 
the kesterites and chalcopyrite, respectively.
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Information), even in the limit of high interface recombination 
velocities and mobility gap narrowing due to potential fluc-
tuations/band tailing, as device efficiencies and open-circuit 
voltages in the range reported for kesterites are simulated for 
τn ≤ 500 ps.

The calibrated steady-state PL yield can also be used to esti-
mate the minority carrier lifetime. The value of τn is estimated 
from the internal PL efficiency ηPL,Int, following[42]

BpPL,Int
n

Rad
n 0η τ

τ
τ= ≈

 
(4)

where τRad is the radiative lifetime. For CZTSe, the steady-
state PL yield, calibrated to absolute photon numbers, was 
measured under 660 nm excitation with AM1.5 illumination 
intensity. Accounting for the emission cone of the measured 
external luminescence, the internal PL yield was calculated at 
ηPL,Int ≈ 7.2 × 10−5. Additionally, using reasonable input param-
eters for CZTSe, we find B ≈ 7.4 × 10−12 to 1.7 × 10−10 cm−3 s−1, 
which results in τn ≈ 280 ± 250 ps for CZTSe photolumines-
cence measured at 305 ± 5 K. Detailed calculations are provided 
in the Supporting Information. In other words, the low PL yield 
observed in kesterite absorbers is a result of a low minority car-
rier lifetime in this material.

Finally, using recent estimates of the minority carrier mobility 
µn ≈ 100 cm2 V−1 s−1,[48] reference saturation current values from 
bulk recombination J00 ≈ 6.4 × 105 to 3.2 × 107 mA cm−2 are 
estimated for the τn values reported here (see the Supporting 
Information), where J00 is an important parameter causing the 
high saturation current and thus low VOC commonly reported 
for kesterite devices. This estimate of J00 is in good agreement 
with values reported from recent temperature-dependent cur-
rent–voltage (JVT) measurements on CZTSSe devices similar 
to that measured here (J00 ≈ 106 mA cm−2).[57]

These results illustrate that the minority carrier lifetime is 
expected to be below that of the measured PL decay time for 
the kesterite absorbers. This analysis is particularly relevant 
for kesterite absorbers where minority carrier lifetimes in the 
nanosecond regime—with values as high as 10–20 ns—are 
reported from the PL decay time, as the PL yield should be con-
sistent with the minority carrier lifetime.

2.5. Minority Carrier Trapping/Detrapping

To reconcile the measured TRPL behavior and evidence for 
τn below the measured PL decay time with a consistent decay 
mechanism for Δn(t), we propose that minority carrier trap-
ping/detrapping is responsible for the PL decay in the kesterite 
absorbers. Following the formulations by Maiberg et al.[27] and 
Ahrenkiel et al.[28] for charge carrier dynamics in the presence 
of minority carrier trapping, photogenerated minority carriers 
are initially trapped into localized shallow state(s) near the 
conduction band edge, with capture times smaller or close to 
that of the minority carrier recombination lifetime (τc ≤ τn). 
Subsequently, the trapped minority carriers are slowly released 
back to the conduction band with the emission time τe. For 
trap emission times longer than the minority carrier lifetime, 
a minority carrier trapping mechanism results in an initially 

fast decay time governed by τc, followed by a longer decay time 
*

eτ  governed by the trap emission time *
eτ  = τe × (τn/τc).[27] It 

should be noted that the trap emission dominated decay time 
*

eτ  is scaled by the minority carrier lifetime, therefore relative 
changes in τn may be reflected in the TRPL data, though the 
magnitude of this value does not represent the actual value of 
τn or τe.

While minority carrier detrapping from surface states is 
observed for the long PL decay tail with *

eτ  ≈ 17 ns, minority 
carrier detrapping can also dominate the decay on shorter time 
scales, such as *

eτ  ≈ 1.1 ns, for materials with a low minority 
carrier lifetime. Therefore, the evidence for a sub-nanosecond 
minority carrier lifetime, smaller than the measured PL decays 
times for kesterites, is consistent with a minority carrier detrap-
ping process limiting the decay of excess carriers. Additionally, 
the drift of carriers in an electric field has no influence on car-
riers localized in a trap state. This behavior is consistent with 
the voltage-dependent TRPL results where charge separation is 
shown to have no influence on the measured PL decay. Finally, 
minority carrier detrapping results in an exponential decay of 
Δn(t), where the decay time *

eτ  is expected to remain constant 
for injection levels below the total trap density. This behavior is 
fully consistent with the measured intensity-dependent TRPL 
behavior, where a single decay time is observed for Δn(t)2 in 
high injection and Δn(t) in low injection. Yet for the measured 
absorbers, a clear drop in the initial PL decay signal due to rapid 
trap capture is not observed. However, as carrier generation 
occurs for ±3τp ≈ ±100 ps around the excitation pulse peak, and 
the instrument response function is limited to ≈250 ps, rapid 
trap capture may not be resolved in the TRPL measurements. 
Additionally, trap capture processes may also contribute to the 
initial PL decays (t < 1 ns) which were shown to deviate from 
Δn(t) concurrent with the energetic relaxation of carriers. We 
note that similar minority carrier trapping/detrapping mecha-
nisms with emission times on the nanosecond time scale may 
also be prevalent for the CIGSe material system, however due 
to the long minority carrier lifetime of CIGSe relative to kester-
ites (with τn in the 10–100 ns range),[32] such trapping effects 
will not dominate the TRPL measurement.

The temperature dependence of *
eτ  is determined by the 

thermal emission of carriers from the trap state, following[27,58]

1
( ) ( ) ( )exp /n

*
*

th d c De
T

T T N T E kT
eτ

ν σ [ ]( )
= = −

 
(5)

where *
eτ  is the effective electron emission rate,[59] NC ∝ T1.5 

is the conduction band effective density of states and ED is 
the energetic distance between the conduction band and trap 
level. It can be seen in Figure 7 that the kesterite absorbers 
are consistent with the behavior for trap emission dominated 
decay times (τe ∝ T−2exp[ED/kT]) in the range 90 < T < 330 K. 
Assuming negligible temperature dependence of σd for SRH 
recombination,[59] we find that CZTSSe and CZTSe are ther-
mally activated by ED = 53 ± 1 meV and ED = 35 ± 3 meV, 
respectively.

At high temperature (T ≥ 330 K), a qualitative change in the 
measured PL decay is observed for the extracted decay times. 
This behavior further supports the proposed minority carrier 
detrapping mechanism, as the PL decay time should approach 
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the minority carrier lifetime at elevated temperature due to 
the increased emission rate of carriers from the trap state(s). 
However, emission times of a few hundred picoseconds are 
still expected at 390 K in our analysis, indicated by the dashed 
lines in Figure 7. Accordingly, the competing processes such as 
recombination, trap capture, and carrier redistribution cannot 
be unambiguously distinguished even at our highest tempera-
ture measured. Following Maiberg et al.,[27] emission, capture, 
and recombination processes which occur on a similar time 
scale will result in a measured PL decay time longer than the 
respective individual contributions.

The intensity-, voltage-, temperature-dependent, and spec-
trally resolved results discussed herein show that if minority 
carrier trapping is ignored, the minority carrier lifetime can be 
severely overestimated from TRPL analysis. In light of device 
simulation results and the published PL decay behavior for kes-
terite absorbers and devices, we believe this is a common result 
in TRPL analysis reported for kesterites. These results further 
support[20,25,39,57] that the low performance in kesterites can be 
explained by the bulk properties of the absorber. While band-
tailing/potential fluctuations have been shown to contribute 
to VOC limitations in kesterite devices,[20,25,57] here we demon-
strate that a low minority carrier lifetime is also responsible for 
significant performance limitations in these materials.

3. Conclusion

In conclusion, we have demonstrated how identifying the 
minority carrier lifetime in nonideal semiconductors can be 
challenging due to complex charge carrier dynamics. For kes-
terites, minority carrier trapping, surface effects, and energetic 
relaxation of carriers are shown to severely affect the PL tran-
sient. Therefore, characteristic PL decay times extracted from 
TRPL measurements at room temperature are often unrelated 
to the minority carrier lifetime for these materials. Here, we esti-
mate minority carrier lifetimes at 300 K in the measured CZTSe 
and CZTSSe absorbers from distinct processing techniques to 
be on the order of hundreds of picoseconds, rather than the few 
nanoseconds corresponding to PL decay times measured here 
and reported elsewhere for kesterites. This conclusion is sup-
ported from detailed TRPL analysis, steady-state PL efficiency 
measurements, electrical characterization, comparison with 
recombination-limited CIGSe, as well as device simulation.

An analysis methodology is presented to determine the 
decay rate of excess minority carriers and to investigate the 
origin of this rate limiting decay mechanism for materials 
with nonideal behavior. First, time-shifted analysis of intensity-
dependent TRPL can be used to isolate various contributions to 
the PL decay and accurately determine the excess carrier decay 
rate and free carrier density on absorbers. To determine if this 
excess carrier decay is limited by recombination: 

 • Intensity-dependent TRPL should be consistent with the 
expected recombination lifetime in both low and high 
injection.

 • TRPL measured on devices should be consistent with charge-
separation effects expected for the carrier mobility.

 • Temperature-dependent TRPL should be consistent with 
reasonable carrier capture properties in defects and the 
recombination behavior measured from electrical characteri-
zation (e.g., J0(T)).

 • The steady-state PL yield should be consistent with minority 
carrier lifetime.

Through this analysis of kesterite absorbers from distinct 
processing techniques, and comparison with TRPL data from 
literature, we assert that minority carrier trapping is respon-
sible for the PL decay times generally reported for kesterites. 
Additional analysis with consistent results should be checked 
individually when long lifetimes are reported for this mate-
rial. We conclude that a sub-nanosecond minority carrier life-
time in kesterite materials is the present limitation to device 
performance.

4. Experimental Section
CZTSe absorbers and devices were fabricated from the selenization of 
stacked metallic precursors (see the Supporting Information). CZTSSe 
absorbers and devices were fabricated from the selenization of 
nanocrystal-based precursors, as described by Miskin et al.[60] with a 
[S]/([S]+[Se]) ratio of 5–10 at%. CZTSe and CZTSSe devices from these 
processes exhibit PCE as high as 9%. Absorber formation, buffer layer 
deposition, and device completion were performed independently on 
the CZTSe and CZTSSe absorbers at HZB and Purdue, respectively. 
Devices with ≈8% PCE, without antireflective coating, were 
measured herein; additional device information can be found in the 
Supporting Information. For comparison, a CIGSe device/absorber 
(≈16% PCE) was measured, which was fabricated from multistage  
coevaporation.[61]

Device simulation was performed in SCAPS 3.2.01.[62] TRPL 
measurements were performed in a custom setup which uses a 
660 nm wavelength pulsed laser source and time correlated single 
photon counting with an InGaAs photomultiplier calibrated from 900 
to 1440 nm with an instrument response function less than 250 ps. 
PL emission from the samples is either taken panchromatically with 
a long-pass filter for the laser line or monochromatically with a full 
width at half maximum (FWHM) resolution <2 nm. Signal excitation 
and collection were achieved with a beam splitter/reflective objective 
combination, which eliminates chromatic aberration when exciting 
and collecting the excitation and emission signals and is optimized for 
maximum emission energy signal. An excitation spot with Gaussian 
profile of diameter 23 µm was used, with laser pulse frequencies 
between 500 kHz and 2.5 MHz; the incident photon flux has Gaussian 
time dependence with pulse length[2] τp ≈ 34 ps. Carrier injection density 
per pulse (reported throughout) was calculated using absorption data 
from voltage-dependent QE measurements on the relevant devices, 
according to Hages et al.[20] Temperature-dependent measurements 
were performed in an evacuated closed cycle He cryostat, all other 
measurements were performed in air under ambient conditions unless 
specifically noted. TRPL data were background subtracted. Following 
device measurements, the window/buffer layers were removed with 
a 1 min 1 m HCl etch for measurements on the bare absorber. The 
HCl etch was performed prior to all measurements on absorbers to 
remove effects of long-term degradation due to surface oxidation; 
measurements on fresh absorbers show identical properties. Intensity-, 
voltage-dependent, and spectrally resolved TRPL data are shown in 
the main body of this work for CZTSSe, though equivalent data for 
CZTSe can be found in the Supporting Information. Calibrated steady-
state PL measurements were performed in the system described by  
Redinger et al.[63]
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