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Quantifying Nonradiative Recombination and Resistive
Losses in Perovskite Photovoltaics: A Modified Diode

Model Approach

Minshen Lin, Xuehui Xu, Hong Tian, Yang (Michael) Yang,* Wei E. I. Sha,*

and Wenxing Zhong*

Pinpointing the origin of inefficiency can expedite the process of optimizing the
efficiency of perovskite photovoltaics. However, it is challenging to discern and
quantify the different loss pathways in a complete perovskite photovoltaic device
under operational conditions. To address this challenge, a modified diode (MD)
model is proposed that can quantify bulk/interface defect-assisted recombination
and series/shunt resistive losses. By adopting drift-diffusion simulation as the
benchmark, the physical meanings of the MD model parameters are explored and
the performance of the model for simulation parameters spanning many orders
of magnitude is evaluated. The evaluation shows that in most practical cases, the
proposed model can accurately quantify all the aforementioned losses, and in
some special cases, it is possible to identify the predominant loss pathway.
Moreover, the MD model is applied to lab-produced devices (based on
Csg.05FAo.95Pbl3 perovskites), demonstrating its effectiveness in quantifying
entangled losses in practice. Finally, a set of guidelines for applying the MD

model and interpreting the results is provided.

1. Introduction

With over 10 years of development, perovskite photovoltaics
have shown tremendous improvement in both efficiency!! and
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stability.’”) The record efficiency of single-
junction perovskite photovoltaics has
reached 25.8%, rivaling that of crystalline
silicon photovoltaics.® However, such effi-
ciency is still below the thermodynamic
efficiency limit of 31%, as predicted by
the Shockley—Queisser formulation."! To
improve the performance of perovskite
photovoltaics, strategies involving modifi-
cation of materials or even device struc-
tures are often adopted.®) In this respect,
during the exploration of a more perform-
ant device, it is not uncommon for the
modified devices to fall short of the
expected efficiency. This requires devising
an effective strategy that can facilitate tar-
geted efficiency improvement, which relies
on the understanding and identification of
each loss mechanism inside the device.

The losses in photovoltaics fall into three
categories—optical loss, recombination
loss, and resistive loss.!”! Recombination and resistive losses
are also known as electrical losses. Under 1-Sun irradiance,
the performance of perovskite photovoltaics is predominantly
limited by the defect-assisted recombination either in the perov-
skite bulk or at the perovskite/transport layer interfaces, while
under higher irradiances or in devices with comparatively large
areas, resistive loss can predominate.”! These losses are coupled
via carrier kinetics such that disentangling one from the
others demands detailed modeling of the device behavior.
In the literature, experimental techniques such as steady-state
photoluminescence,”™  time-resolved  photoluminescence
(TRPL),”™' impedance spectroscopy,'"'? and ideality factor
measurement!>~*® have been used to analyze the nonradiative
recombination losses. More recently, a light-intensity approach
has been proposed to help in the explanation of electrical
losses.”! Though these methods are useful guides in particular
cases, they cannot provide comprehensive information regarding
all the electrical losses, or quantify each loss.

Generally, drift-diffusion (DD) simulations™*?! and circuit
model analysis®®*~?) are used to analyze and quantify the losses
in photovoltaics, with necessary parameters retrieved by experi-
mental techniques. In DD simulations, a large number of param-
eters are required and accurate determination of some critical
parameters such as interface recombination velocity is challeng-
ing; hence, such modeling is inconvenient and sometimes
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difficult to apply during the iterations of device optimization.
In contrast, circuit models can analyze the performance with
measured current density—voltage (J-V) curves, via curve fitting,
which is easy to implement. However, in classic circuit models
such as single- and double-diode models,****! the parameters
regarding dark current density and ideality factor have ambigu-
ous physical meanings such that they cannot be directly
associated with the recombination processes in perovskite photo-
voltaics. Besides, in the recently developed circuit models for
perovskite photovoltaics,?**¥! the focus is on the explanation
of internal charge distribution and ideality factor, instead of loss
quantification.

Aiming at both accurate loss modeling and clear physical
meaning, in this study, we introduce and analyze the modified
diode (MD) model, applied in such a way that it can discern and
quantify the following losses: 1) Shockley—Read-Hall (SRH)
recombination loss occurred in the perovskite bulk; 2) SRH
recombination loss occurred at the perovskite/transport layer
interfaces; 3) series resistance loss that usually results from
the lateral conduction in the transparent electrode and the geom-
etry of the device;>”?°! 4) shunt resistance loss due to the defects
and voids-induced current leakage.”! By adopting DD simulation
as the benchmark, first, we explore the physical meanings of each
parameter in the MD model. Then, we comprehensively evaluate
the accuracy of the MD model for device parameters (in DD sim-
ulation) spanning many orders of magnitude that cover most of
the practical cases. Such evaluation also includes high irradiance
applications, considering that perovskite photovoltaics are poten-
tial candidates for concentrator!?’-*®! and optical wireless power
transfer?®*” technologies. Moreover, we analyze how mobile
ions in the perovskite layer can affect the accuracy of the model
in describing recombination currents, and then apply the MD
model to our lab-produced devices, demonstrating its capability
in quantifying entangled losses in practice. Finally, we provide a
set of guidelines for applying the MD model and interpreting the
results. We make the source code (implemented in MATLAB)
open-source online,*”! which can hopefully facilitate the design
of efficiency-targeted optimization strategies for researchers in
this field.

2. Modeling and Evaluation
2.1. Theory of MD Model

The MD model draws certain characteristics from both the
detailed balance model and the circuit models for photovoltaics,
providing a way to discern recombination and resistive losses in
practical devices. In the detailed balance model, ideal contacts
and infinitely high carrier mobilities are assumed for the limiting
case so that the quasi-Fermi level splitting (QFLS) equals
qV—the product of the elementary charge, g, and the applied volt-
age, V. In this way, the radiative recombination current can be
described in terms of the QFLS (as a function of V), connecting
the external applied voltage with the internal carrier kinetics. To
utilize similar relations and to incorporate resistances as with
circuit models, in the MD model, we attribute the resistive losses
produced by lateral conduction in the transparent electrode and
geometry effects™”** to a lumped series resistance, R, such that
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the QFLS approximates g(V + JR;), where J is the output current
density. With this generalization and to account for nonradiative
recombination losses, the current density-voltage (J-V) relation
is given by

VAR

]:]ph_]r(V+JRS)_.]nr(V+JRS) Ry,

1)

where ], is the photocurrent density, J; is the radiative recom-
bination current density, J,, is the nonradiative recombination
current density, and Ry, is the shunt resistance, representing
the defects and voids-induced current leakage.!’ The photocur-
rent density can be calculated by the absorption of the illumina-
tion spectrum; likewise, the radiative recombination current
density is determined, according to the principle of detailed
balance, by the absorption of the dark spectrum.

Of greater interest in practical devices is the nonradiative
recombination, which is comprised of several components rep-
resenting different recombination pathways. In perovskite photo-
voltaics, recombination losses are predominantly due to the SRH
recombination either in the perovskite bulk or at the perovskite/
transport layer interfaces.”) Second-order radiative recombina-
tion and third-order Auger recombination may predominate with
higher carrier concentrations. However, as assessed by an
extraction-dependent rate equation model, radiative and Auger
recombination prevail only when the illumination irradiance
is over several hundreds of Suns.*®! In this work, we analyze
the performance of perovskite photovoltaics up to 50 Suns; in
such cases, radiative and Auger recombination currents are
smaller than SRH recombination currents by several orders of
magnitude. Thereby, we only consider the currents due to
SRH recombination in Equation (1). To differentiate between
bulk and interface SRH recombination, we introduce two recom-
bination current densities of similar form into the MD model

V+]JR
J g‘ﬁl]l—(l = qLypuh {eXp <m) — 1] 2
i V+JR
f = Ui |ex —— s )1 3
Jsru = qUir |exp n}ngT/q (3)

where ypu is the bulk SRH recombination rate, L is the active
layer thickness, n; is the intrinsic carrier density of the active layer
material, Uy is the interface SRH recombination rate, and nig is
the ideality factor for interface SRH recombination. The detailed
derivation of these equations is given in Note S1, Supporting
Information, along with the necessary assumptions. Later sec-
tions of this article discuss the justification of these assumptions
in more detail. Besides, one reason why we fix the value of the
ideality factor for bulk SRH recombination is that if the ideality
factors for both recombination pathways are allowed to vary, then
interpreting bulk SRH recombination current as interface SRH
recombination current or vice versa is of no difference in terms
of curve fitting, which can lead to questionable uniqueness of the
retrieved parameters.
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2.2. Simulation Study

To explore the accuracy of the MD model, we use DD simulation
results as the benchmarks, assessing how well Equation (2)
and (3) capture the recombination currents. The assessment pro-
cedure is described in the following: 1) first, the well-established
DD simulator, SCAPS-1D,? is used to produce the J-v
curves—more precisely, the J-V data points; 2) then, we retrieve
the unknown parameters in the MD model such that the repro-
duced J-V curves (data points) have minimum residuals with
respect to the simulation results. This is essentially a curve-fitting
problem. Since R, and nif are in the exponential terms, we lever-
age the Levenberg—Marquardt algorithm®*** to solve such non-
linear least squares problem; and 3) finally, we use the retrieved
parameters to solve the recombination currents, Equation (2)
and (3), for comparison with the DD simulation results.

To begin with, we consider the pin-type device consisting of
indium tin oxide (ITO, 150nm)/PTAA (8 nm)/perovskite
(700 nm)/C60 (30 nm)/Ag (100 nm). The parameter values for
DD simulations are mostly adopted from the literature,”'* in
which the bulk SRH recombination lifetime and interface
SRH recombination velocity are extracted from photolumines-
cence experiments. Unless particularly specified, the parameter
values in the rest of the article are consistent with those listed in
Table S1, Supporting Information. In addition, we include a
series resistance of 1Qcm? and a shunt resistance of
107 © cm? to model the resistive losses. For the purpose of clearly
interpreting the MD model, we introduce three regions—low-
voltage region, exponential region, and consumer region—to
describe the operation of photovoltaics specified by different vol-
tages. The low-voltage region refers to the part in the J-V curve
where the current density almost stays constant with increasing
applied voltage, starting from the voltage corresponding to the
photocurrent. The exponential region refers to the other part
where the current density grows drastically with applied volt-
age.'> We choose the maximum power point (MPP) voltage
to distinguish between these two regions for 1-Sun irradiance,
and for higher irradiances, we choose the voltage where the expo-
nential tail starts. Besides, we refer to the region where the
applied voltage is greater than the open-circuit voltage as the con-
sumer region since in this region the device consumes energy.

At the first attempt, we allow all the five unknown parameters
in the MD model (ypui, Uir, ni, Ry, Ry,) to vary within a broad
range (from 0 to 10'%) in the course of curve fitting. Figure 1a
shows the DD simulated and MD modelfitted |-V curves.
These two J-V curves exhibit negligible fitting errors, which,
however, does not guarantee that the MD model captures all
the information. In Figure 1D, the simulated and fitted recombi-
nation currents are depicted. In the exponential region, it is evi-
dent that the fitted recombination currents do not correctly
describe the corresponding simulated recombination currents;
instead, the fitted-bulk SRH recombination current accounts
for the predominant simulated interface SRH recombination
current, which can lead to false loss analysis. To tackle this prob-
lem, we leverage the bulk SRH recombination lifetime. The bulk
SRH recombination rate, yp,x, derived from the SRH recombi-
nation formulation, equals to 1/27 in the case of mid-gap
traps and n = p, where 7y, is the SRH recombination lifetime.
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This lifetime is an input parameter in the DD simulations, and in
practical devices, can be measured by TRPL experiments.”*"!
Given a known 7,5, we can fix the value of y1,5 and only retrieve
the values of the remaining four parameters (Uif, ngg, R, Rsh) by
curve fitting. Using this strategy, we implement the procedure
again. Figure 1c shows the newly fitted J-V curve with retrieved
parameter values listed in the inset table. Noticeably, the fitted
recombination currents, depicted in Figure 1d, accurately follow
the respective simulation results in the exponential region. This
fitting result suggests that the MD model is capable of describing
and discerning different SRH recombination mechanisms, so
long as the bulk SRH recombination lifetime is given.
Similarly, we implement the assessment procedure to the same
device but increase the illumination irradiance to 50 Suns. As
shown in Figure 1e,f, the MD model well captures the predomi-
nant interface SRH recombination current. Though the fitted-
bulk SRH recombination current is less than the simulation
result, this introduces negligible error in terms of loss analysis,
because the bulk SRH recombination only takes up a small por-
tion of the overall loss.

So far, we have not discussed the resistive components, which
are also of great importance in many devices. As shown in the
inset table in Figure 1, the retrieved values of Ry are slightly
greater than the given value in the simulation. Potentially, this
error originates in the enhanced recombination loss due to non-
ideal transportation, which is not associated with the external
series resistance that we additionally include. In contrast, the
retrieved values of Ry, seem to deviate far from the given value
in the simulation. Yet from Figure 1d,f, we can see that in the
MD model, the current density that flows through Ry, serves as a
compensation for the SRH recombination current in the low-
voltage region, since in this region, the recombination current
does not exponentially grow with applied voltage. The increase
of recombination current with respect to applied voltage can
be understood in terms of the accumulated carrier concentra-
tions in the absorption layer: 1) under illumination, the photo-
generated carriers are not completely extracted due to finite
carrier mobilities, part of which accumulate in the absorption
layer contributing to recombination. 2) At relatively low applied
voltages, the carrier concentration in the absorption layer is the
sum of the predominant accumulated photo-generated carrier
concentration and the voltage-injected carrier concentration,
which have a slower-than-exponential (almost linear) increase
with respect to the applied voltage. Since this increase approxi-
mates a linear process, in the MD model, it is naturally attributed
to the shunt resistance by curve fitting. 3) With increasing
applied voltage, the electrically injected carriers gradually form
a background concentration that outweighs the accumulated
photo-generated carriers such that the carrier concentration
and the recombination currents follow the exponential increase
with respect to voltage. These behaviors can also be observed in
Figure S1, Supporting Information, where carrier distribution
and QFLS at different voltages are demonstrated. We can there-
fore confirm that Ry, in the MD model takes on an additional role
in describing the recombination currents in the low-voltage
region, which increases nonexponentially with applied voltage.

Using the retrieved parameters, we can quantitatively evaluate
the electrical losses due to different recombination pathways and
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Figure 1. Current density—voltage relations of perovskite photovoltaics. a,b) Curve fitting with the MD model, allowing all the five parameters listed in the
inset table to vary. c—f) Curve fitting with the MD model, allowing the four parameters listed in the inset table to vary. DD simulation and MD model fitting
results are given in (a,c,e). The current densities due to different loss pathways calculated by the MD model using retrieved parameters are compared with
the corresponding simulation results in (b,d,f). The irradiance of illumination (AM 1.5 G spectrum) is 1 Sun in (a—d) and 50 Suns in (e,f).

resistances. However, the impact of each loss pathway is not
independent of the others. For example, compared to smaller
series resistance, a larger one not only produces a higher resistive
loss but can also build up larger QFLS inside the device, which
inevitably leads to higher recombination losses. Thus, simply cal-
culating each loss in terms of power consumption (e.g., at MPP)
cannot provide useful information. To separate the impact of
each loss mechanism, we evaluate the power conversion effi-
ciency (PCE) gains by excluding one specific loss pathway at a
time. Figure 2 depicts the results of loss analysis by both DD
and MD models, where we individually exclude bulk SRH recom-
bination, interface SRH recombination, shunt resistance, and
series resistance to calculate the corresponding PCE gains.
Moreover, to clearly present the results that indicate the relative
importance of each loss pathway, the PCE gains are normalized
to unity. The details of such calculation are provided in Note S3,
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Supporting Information. In Figure 2a, under 1 Sun irradiance,
the normalized PCE gain predicted by the MD model shows
some noticeable errors with respect to the DD simulation results.
In fact, these errors are quite small before normalization. For
example, the absolute PCE gain by excluding the bulk SRH
recombination is 0.55% in the DD model and 0.40% in the
MD model; the absolute PCE gain by excluding the interface
SRH recombination is 1.66% in the DD model and 1.47% in
the MD model. Therefore, we can still use the MD model to pre-
dict the PCE gain with confidence, and the major reason to use
normalized data is to show their relative importance. Besides, the
origin of these errors is traceable. As listed in Figure 1, the MD
model tends to retrieve a slightly larger value of R, which can
lead to a small overestimation of PCE gain by excluding R..
Likewise, having a slightly larger R; during calculation can in
turn underestimate the PCE gains by excluding other
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Figure 2. Loss analysis using both DD simulation and MD model for a) 1
illustrated in terms of the normalized PCE gain, which is determined by

recombination pathways. We also notice that the PCE gain due to
excluding Ry, is only visible in the MD model. As analyzed
previously, the shunt resistance describes the recombination cur-
rents in the low-voltage region, which is different from the exter-
nal shunt resistance in the DD simulations that model the
current leakage; thereby, excluding Ry, in the MD model in effect
excludes that certain amount of recombination, leading to the
efficiency gain. Despite such an error, we should still keep track
of the shunt resistance because, in some devices where current
leakage is severe, the PCE gain calculated by the MD model can
produce consistent results. An example is shown in Figure S2,
Supporting Information, where a small Ry, of 100 Q cm? is intro-
duced into the simulation for modeling current leakage; in this
case, the shunt current described by the MD model corresponds
exactly to the current leakage. Figure 2b depicts the normalized
PCE gain under 50 Suns irradiance. The results show very small
errors compared to the 1 Sun case, meaning that the MD model
accurately determines the relative importance of each loss path-
way. Importantly, for both irradiances, the crucial information of
the efficiency limiting factors, in a relative or absolute manner, is
successfully predicted by the MD model. Therefore, the MD
model is capable of providing valuable design guidance toward
higher efficiency devices, for both 1 Sun and high irradiance
applications.

There is one more parameter in the MD model, nif, which
requires further scrutiny. Normally, the ideality factor of a pho-
tovoltaic device is determined by the Suns-V,. method rather
than curve fitting."*>'”) These two methods can give distinct
values of ideality factors for the same device. Here, we explore
the physics behind the ideality factor retrieved by curve fitting,
which turns out to be an important reason why the MD model
performs as expected. In the MD model and other circuit models,
the ideality factor is given as a voltage-independent parameter.
The curve-fitting process picks up the value for the ideality factor
such that the recombination current of the exponential form fits
the simulated recombination current. With this notion, we can
calculate the differential ideality factor for each simulated recom-
bination current by perceiving them as Equation (2) and (3) at
every data point. Namely, for the entire J-V curve, the recombi-
nation current is assumed to have the form
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Loss Pathway

Sun irradiance and b) 50 Sun irradiance. The impact of each loss pathway is
the PCE gain excluding that loss.

a(v +JRS)} "

.]IEC :]0 eXp { nldkBT

where J.. denotes the recombination current density of any type,
Jo is the dark current density, and niq is the ideality factor.
Though such perception is not accurate in the low-voltage region
where the carrier concentration is not predominated by voltage
injection, the fitting results in Figure 1 indicate that the exponen-
tial region is of most relevance to the recombination currents in
the MD model, whereas Ry, describes the low-voltage region
recombination. This also suggests that so long as the ideality fac-
tor in the exponential region is not a strongly voltage-dependent
parameter, we can retrieve a constant value of the ideality factor
that reflects the average information of the exponential growth.
Based on the previous studies,!'*'>'”) we additionally take series
resistance into account to calculate the phenomenological differ-
ential ideality factor

4 (A e\ T e
nld_kBT< av ) (1 dv & ©)

The detailed derivation is given in Note S4, Supporting
Information. With Equation (5), we can calculate ny4 as a function
of applied voltage for both interface and bulk SRH recombina-
tion currents, for the same device under 1 Sun illumination.
Figure 3 depicts the niq for each simulated SRH recombination
current (as those shown in Figure 1d), in addition to the ideality
factor determined by the Suns-V,. method. In agreement with
the above analysis, the retrieved value of nif, 1.533, which is
slightly greater than the minimum differential ideality factor, lies
in the exponential region of the J-V curve, capturing the average
information of the exponentially increasing recombination cur-
rents. Further, we reduce the interface recombination velocity to
1cms™!, to simulate a device where bulk SRH recombination
predominates. As shown in Figure 3b, the corresponding ideality
factor for the bulk SRH recombination current turns out to be
very close to 2 in the exponential region, justifying our approach
to using a fixed ideality factor for bulk SRH recombination cur-
rent. There are two reasons that underline the emergence of this
constant ideality factor: 1) in the exponential region, the carriers
in the bulk of the perovskite are predominated by electrical
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Figure 3. Ideality factor as a function of voltage calculated by both Suns-V,. method and Equation (5). a) The analyzed device has parameters listed
in Table S1, Supporting Information, inside of which the interface SRH recombination predominates. b) The same device but with reduced interface
recombination velocity (Sy=1cms™") is analyzed, inside of which the bulk SRH recombination predominates.

injection, whose product follows an exponential increase
with QFLS according to the Boltzmann statistics, i.e.,
np = n? exp(QFLS/ky T). 2) With more carriers injected by
increasing voltage, the electrons and holes tend to establish
charge neutrality in the perovskite bulk, i.e., n=p. This can
be explained by the decrease in Debye length,

Lp = /ekg T /g*n, which reflects the ability of carriers to screen
out net charge and establish charge neutrality.** The higher the
concentration of carriers, the shorter the Debye length and the
better the balance in electron and hole concentrations. Such bal-
ance, combined with the carrier statistics, allows us to reduce the
bulk SRH recombination current to a simpler form where the
ideality factor is 2 (Note S2, Supporting Information). Besides,
in both Figure 3a,b, we notice that the differential ideality factor
of the predominant recombination current is greater than that
obtained by the Suns-V,. method, which is attributed to finite
carrier mobilities and resistive effects in the literature.>'”!
Therefore, the above analysis shows that the retrieved ideality
factor by curve fitting has a clear physical meaning related to
how recombination currents grow in an average sense, and
the discrepancy between the values in our work and those in
the literature[14] is reasonable since those values are derived
from the Suns-V,. method.

2.3. Accuracy Evaluation

In general cases, perovskite photovoltaics can have various
parameters, different material compositions, and even distinct
device structures such as nip type. To evaluate the performance
of the MD model applied to general cases, we introduce a cost
function that adds up a particular form of residuals

COSt:ZN:UDD*]MDﬂJFUr&Sf Tec .
i1 N ><]ph

where Jpp and Jypp are the output current densities, Jis5 and
Jiop are the SRH recombination current densities, and N is
the number of data points. The subscripts, DD and MD, denote
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that the current density is either from DD simulation or calcu-
lated by MD model. We use this cost function for three reasons.
First, the raw residual, |Jpp — Jypgl, is included because this
directly reflects how well the fitting result is. Second, given that
the SRH recombination currents predominate in the cases
we consider, the errors introduced by these currents,
|Jiss — i, should be taken into account, and other recombi-
nation currents should be neglected. Third, the errors are
weighted to the photocurrent, Jp,, such that the cost is normal-
ized with respect to the irradiance. With these considerations, the
cost function weighs the evaluation metric of major concern, i.e.,
how accurate the MD model describes the SRH recombination
currents and output current in comparison to DD simulations:
the smaller the cost function, the better the MD model performs.
In simulations, numerous parameters can be varied to pro-
duce J-V curves that exhibit different features. Out of these
parameters, we mostly care about those that are directly related
to recombination and resistances; therefore, we modify bulk
SRH recombination lifetime, interface SRH recombination
velocity, series resistance, and shunt resistance to evaluate the
MD model via the cost function. To clearly visualize the cost
function, we vary two simulation parameters simultaneously,
avoiding high-dimensional data. We perform the evaluation pro-
cedures as follows: first, starting from the device analyzed in the
previous sections, simulation parameters are modified in broad
ranges that cover most of the practical cases. For example, the
bulk SRH recombination lifetime varies from nanoseconds to
microseconds, corresponding to the bad and good bulk layers
that can be possibly made in practice. Besides, parameters are
varied in a nested way such that the interactive impact of both
parameters on the cost function can be assessed. Second, each
J-V curve simulated in the first step is then analyzed by the MD
model, retrieving the values for lumped circuit parameters.
Finally, using the retrieved parameters, we can calculate cost
functions for each combination of simulation parameters.
Figure 4 illustrates the contour plot of cost as a function of
bulk SRH recombination lifetime and interface SRH recombina-
tion velocity for devices under 1 and 50 Sun illumination.
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Figure 4. Contour plots of cost as a function of bulk SRH recombination lifetime and interface SRH recombination velocity for a) 1 Sun irradiance and
b) 50 Suns irradiance. The cost function evaluates the accuracy of the MD model in describing the SRH recombination currents and the output current in
comparison to DD simulations. A small value of the cost function indicates high accuracy.

The device parameters are consistent with those in Table S1,
Supporting Information, except that the perovskite layer thick-
ness is 760 nm (close to the measured thickness of our lab-
produced device in the next section). Having examined case
by case, we notice that a cost function lower than 0.15 for 1
Sun irradiance and 0.2 for 50 Sun irradiance always indicates
good fitting, where the predominant recombination current
density falls in the close proximity of the simulated one in the
exponential region. Therefore, these two values are chosen as
the lower bounds of the cost function in Figure 4, serving as
the benchmark values to discern the goodness of fitting results.
For reference, the cost function for the device in Figure 1 is 0.02
under 1Sun irradiance, and 0.06 under 50 Sun irradiance,
representing very good fitting.

In Figure 4a, there are two noticeable trends worth discussing.
1) First, increasing the interface SRH recombination velocity to a
very high level can lead to a slight increase in the cost function.
This trend, evidenced by the fitting results in Figure S3,
Supporting Information, is associated with the shunt resistance
in the MD model. As mentioned previously, the shunt resistance
takes on the role of describing recombination currents that are
nonexponential in the low-voltage region. When SRH recombi-
nation is severe, the retrieved shunt resistance can be greatly
reduced, but a shunt resistance with a fixed value cannot perfectly
describe the variation in current density in the low-voltage
region, thus introducing errors into the model. 2) The second
trend is that diminishing bulk SRH recombination lifetime to
the order of several nanoseconds increases the cost function dra-
matically. This trend is related to the way we use the MD model
where the bulk SRH recombination current has a fixed coeffi-
cient and a fixed ideality factor. In a device with severe bulk
SRH recombination, the open circuit voltage can drop below a
certain level such that the voltage-injected carrier concentrations
in the bulk cannot sustain charge neutrality. Therefore, using a
fixed ideality factor of 2, which results from equal carrier concen-
trations, can make retrieved parameters deviate from their actual
values, thereby increasing the cost function. In Figure S4,
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Supporting Information, we can see that for a device with a bulk
SRH recombination lifetime of 10 ns, the bulk SRH recombina-
tion current calculated by the MD model does not closely follow
the simulated one, thereby introducing errors in the exponential
region. Besides, the shunt resistance accounts for part of the
recombination current that further introduces errors in the
low-voltage region, as in the case where interface SRH recombi-
nation is severe.

For the same reasons, similar trends can be observed for the
same device under 50 Sun irradiance, as shown in Figure 4b,
except that the variation in the cost function is less uniform
and the range for good fitting is larger. Thus, it is possible to
retrieve accurate parameters even with a very low bulk SRH
recombination lifetime, so long as J-V curves under various irra-
diances (e.g., 50 Suns) are available. Besides, in Figure S3 and S4,
Supporting Information, we notice that although the cost func-
tion is large in the case of severe SRH recombination, if we attri-
bute the shunt current to the predominant recombination
current, the loss analysis can be more accurate. Moreover, the
accuracy of parameters retrieved under various irradiances can
be different, which suggests a way of validating the accuracy
of parameters by applying the MD model to the same device
under various irradiances: if parameters retrieved under
different irradiances are close or equal, then it is more likely that
the fitting results are accurate.

Next, we study the impact of resistances on the cost function.
Figure S5a,b, Supporting Information, illustrates the contour
plot of cost as a function of series resistance and shunt resistance
for devices under 1 and 50 Sun illumination. Notably, the cost
function at 1Sun irradiance is uniformly lower than 0.03,
indicating that the accuracy of the MD model is unrelated to
the values of resistances. Under 50 Sun illumination, however,
cost functions with high values (around 0.9) exhibit a patterned
distribution when series resistance is large. These outliers, exam-
ined by individual fitting, turn out to be resultant of inappropri-
ate initial guesses. In Figure S5c¢, Supporting Information, we
apply the MD model using two different sets of initial guesses
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for the same device that has a series resistance of 10 Q cm” and a
shunt resistance of 1000 Q cm? under 50 Suns irradiance; the
cost function is 0.896 for the first set of initial guesses with appar-
ently inaccurate fitting results, while the cost function is 0.039 for
the other set of initial guesses with very accurate fitting results.
Such a phenomenon occurs because the algorithm can get stuck
at the local minimum, suggesting that a randomized set of initial
guesses can be used to avoid the local minimum and achieve
good fitting. This feature can be easily incorporated into the
model via several times of fitting with randomized initial
guesses, in which the fitting result with the least residual can
be selected as the final result. Furthermore, since irradiance
may affect the accuracy of fitting, we can use the parameters
retrieved from a specific irradiance that is accurate as the initial
guess for fitting under other irradiances. We adopt this strategy
by using the series resistance retrieved under 1 Sun as the initial
guess for fitting under 50 Suns. The result is shown in
Figure S5d, Supporting Information, where the cost function
for all resistance values under consideration is uniformly below
0.07. Therefore, we can conclude that the values of resistances do
not have an impact on the accuracy of the MD model.

In sum, the MD model can discern and quantify different loss
pathways in most of the practical cases, whose accuracy is asso-
ciated with both interface and bulk SRH recombination. Two
special cases, where fitting results can be erroneous, require fur-
ther interpretation. First, in the case where bulk SRH recombi-
nation lifetime is on the order of several nanoseconds or worse,
the fitting errors can be significant, and we should directly con-
clude from the TRPL results that the bulk of the absorption layer
needs to be optimized first. Second, when interface SRH recom-
bination is severe, with a good bulk layer and negligible current
leakage, a large fitting error in the low-voltage region may be
introduced because of the usage of a fixed Ry, that in part takes
on the role of describing recombination currents. In this case, we
should attribute the loss due to shunt resistance in the MD model
to interface SRH recombination so that the loss analysis can be
more accurate. With the knowledge gained from the above anal-
ysis, in the following section, we apply the MD model to our lab-
produced devices and quantify the corresponding losses in each
case. The results give us useful information on the losses in our
devices, which in turn validates the effectiveness of this
approach.

3. Experimental Section

Before analyzing our experimental results, it is necessary to dis-
cuss the ion migration that gives rise to hysteresis in many perov-
skite devices. The mobile ions in the perovskite absorber can lead
to an extra complication in interpreting the results obtained by
the MD model. Although the well-established DD simulator
(SCAPS-1D) is widely used in the literature to study perovskite
photovoltaics,”**3¢7# it does not incorporate the mobile ions in
the perovskite layer. To investigate the performance of the MD
model in the presence of mobile ions, we simulated two sets
of steady-state -V curves incorporating mobile ions with
SolarDesign®” and TIonMonger.*” The reason for studying
steady-state J-V curves is that the effect of ions in steady states
is unchanged and the practical performance of photovoltaics is
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evaluated at steady-state MPPs. The device parameters and sim-
ulation details are given in Note S2, Supporting Information. In
the first set of results, bulk SRH recombination is the predomi-
nant loss pathway. As shown in Figure S6, Supporting
Information, the impact of ions on the steady-state J-V curves
has a negative correlation with the bulk SRH recombination life-
time, which is consistent with the trend in Figure 4, suggesting
the broad applicability of the MD model. However, the percepti-
ble differences, though being small for large bulk SRH recom-
bination lifetime, raise concern regarding the accuracy of
describing bulk SRH recombination by Equation (2), which is
a function of QFLS and relies on charge neutrality.
Accounting for mobile ions, the electric field in the device can
be modified by an inhomogeneous distribution of ionic charges,
potentially affecting charge neutrality via the redistribution of
electrons and holes. Fortunately, the ionic charges tend to accu-
mulate at the interfaces, resulting in the field screening
effect™*? such that the carriers inside distribute even more
freely, thereby enhancing charge neutrality. Figure S7,
Supporting Information, illustrates the ionic and electronic dis-
tributions and the corresponding band diagrams, which can be
used to analyze device performance in the presence of ions. At
thermal equilibrium, the ions (and the vacancies) accumulate at
the perovskite transport layer interfaces, resulting in band bend-
ing at the interfaces and band flattening in the perovskite bulk.
From the perspective of classical p-n junction theory,!**! the accu-
mulated charges at the interfaces form two depletion regions.
Upon illumination, the depletion regions shrink immediately
and part of the ionic charges are screened by the carriers, which
will then diffuse into the perovskite bulk. This ionic diffusion
process semibounds the carriers, leading to a decrease in tran-
sient currents. After sufficient illumination time, the ionic and
electronic charges will reach a steady state with fewer interfacial
ions. Under high irradiances or large applied voltages, the
electronic charges prevail in the device, and the impact of ion
accumulation on carrier distributions in steady states is thus
smaller.'**! Moreover, the MD model captures the dynamics of
recombination currents in the exponential region (where the
applied voltage is large), suggesting that the MD model can
be applied to steady-state J-V curves effectively. As shown in
Figure S8a, Supporting Information, the predominant recombi-
nation current computed by the MD model can follow the simu-
lated result in the exponential region. Such consistency suggests
that in the presence of ions (accumulating at the interfaces),
QLEFS still has the exponential form of g(V + JRy), which is con-
firmed by the energy level diagrams, as shown in Figure S8c,d,
Supporting Information, and the charge distribution diagrams,
as shown in Figure S9, Supporting Information. The second set
of results is simulated for the device with predominant interface
SRH recombination. As shown in Figure S10, Supporting
Information, the impact of ions on the steady-state J-V curves
depends on the SRH recombination velocities at the interfaces.
The ions may increase or decrease the steady-state performance,
depending on the properties of transport layers.”**! In both cases,
the MD model can accurately capture the predominant loss cur-
rent (as shown in Figure S8b, Supporting Information), because
Equation (3) has a variable ideality factor. Therefore, the trend in
Figure 4 can be used as the accuracy indicator for the MD model
applying to steady-state -V curves, showing where the losses can
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be analyzed effectively. Moreover, with the development of
fabrication technology, perovskite photovoltaics that are less
affected by ions!*! are expected to lead future research and
promote the commercialization of perovskite photovoltaics.®
To explore the capability of the MD model in practice, we apply
it to two types of devices that both use CsgosFA(9sPbI; as the
active layer composition but are made in different conditions.
The perovskite layer of Device 1 was prepared in ambient air with
a humidity of 60%, while Device 2 was made in the N, glove box
with standard procedure. Both devices are of pin type, as shown
in Figure S11, Supporting Information, and the fabrication
details are specified in Note S5, Supporting Information.
Figure 5 depicts the measured J-V curves for both devices under
AM 1.5 G illumination with a sampling rate of 5 NPLCs and 100
data points per scan (NPLC, number of power line cycles, is the
unit that Keithley source meters use to specify scanning rates; the
sampling method we adopted corresponds to a scanning rate of
~0.1Vs™"). Noticeably, the J-V curves only show negligible
hysteresis, indicating that the operating points are close to their
steady states. To verify this, we additionally measured a set of
steady-state current density values by holding the voltage at fixed
levels for ~60 s and sampling at the same rate of 5 NPLCs. The
range and average values of the recorded steady-state data points
are given in Figure S12, Supporting Information, which are in
close proximity to the forward and reverse J-V curves. Also,
for both devices during steady-state measurement, we notice that
the current density only fluctuates within a small range, rather
than shifting toward higher or lower values. Therefore, the
forward and reverse J-V curves are close to the steady states,
and in what follows, we apply the MD model to both forward
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and reverse J-V curves, analyzing the underlying losses in these
devices.

To describe the bulk SRH recombination current in
Equation (2), we measure the active layer thickness, the bulk
SRH recombination lifetime (for describing yy,;), and the bandgap
of the active layer (for estimating n;). The active layer thickness is
~750 nm for both devices, measured by a step profiler (Note S5,
Supporting Information). As shown in Figure S13, Supporting
Information, the bandgaps of perovskite in both devices are
~1.55 eV, measured by an ultraviolet-visible spectrometer. From
TRPL results (Figure S14, Supporting Information), the bulk
SRH recombination lifetime is 21ns for Device 1, and 398 ns
for Device 2. With all these data, we apply the MD model to both
devices, retrieving the values for lumped parameters, then
calculating the corresponding -V curves and quantifying losses
in terms of normalized PCE gain, as shown in Figure 5.

Since in terms of recombination lifetime, Device 2 has a =20
times better perovskite bulk layer than Device 1, it is expected
that the analysis via the MD model can lead to some differences
in loss quantification. As can be observed in Figure 5a, the fitted
J-V curves for Device 1 deviate slightly from the measured ones
at the voltages where the exponential tail starts, and Figure 5d
shows that the bulk SRH recombination is the predominant loss
pathway in terms of normalized PCE gain. On the contrary, the
fitting errors are extremely small for Device 2 in both scan direc-
tions, and the loss quantification in Figure 5e shows that the
interface SRH recombination loss dominates. These results
are consistent with the simulation results in Figure 4, where
devices with severer bulk SRH recombination can have greater
fitting errors. The results also show that the differences in
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Figure 5. a—c) Current density—voltage relations of our lab-produced perovskite photovoltaics (Device 1, Device 2, and Device 2 with passivated interface).
The MD model fitted J—V curves are also depicted in the corresponding figures, with retrieved parameters listed in the inset table for both forward- and
reverse-scan J-V curves. d—f) Normalized PCE gains for each loss pathway, calculated based on the retrieved MD model parameters.
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recombination lifetime can be successfully translated into the dif-
ferences in loss quantification via the MD model, indicating that
the MD model is capable of discerning and quantifying losses in
perovskite photovoltaics in practice. Moreover, the MD model
provides us with guidance on optimizing the device: the PCE
of Device 1 can be greatly improved by diminishing the bulk
SRH recombination, which is already accounted for in Device
2; in contrast, to improve the PCE of Device 2, the most effective
strategy is to passivate the interfaces. Following this guidance,
we passivate the perovskite/bathocuproine (BCP) interface of
Device 2 with n-octylammonium iodide (OAI), to further exam-
ine the performance of the MD model. The J-V curves of the
interface-passivated Device 2 are shown in Figure Sc, which,
compared with those of nonpassivated Device 2, have a slight
increase in open-circuit voltage (/0.05V) and short-circuit
current density (=0.4mAcm™?). In Figure 5f, these slight
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differences translate into a significant boost of bulk SRH recom-
bination loss and a decrease in interface SRH recombination loss,
meaning that the predominant loss pathway shifts from interface
SRH recombination to bulk SRH recombination. This phenom-
enon reveals that using OAI is an effective way of passivating the
perovskite/BCP interface if the MD model is accurate, and since
the strategy of passivation using organic onium salts is validated
in many literatures,””~*%! this in turn corroborates the effective-
ness of the MD model applied in practical devices.

Next, to evaluate the high irradiance performance of the MD
model, we measure the -V curves for Device 2 under irradiances
up to 5W cm™2 (50 Sun), and apply the MD model to these J-V
curves. The light source is a 760 nm diode laser, whose power is
measured by an integrating sphere photodiode power sensor
(Thorlabs S142C), and the sampling rate is still fixed at 5
NPLCs. The fitting results are shown in Figure 6a—f and the
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retrieved lumped parameter values are listed in Table S2,
Supporting Information. It is significant that the fitting results
are quite accurate for all these irradiance levels, which strongly
indicate that the MD model captures the behaviors of the devices
under high irradiances and ionic effects are indeed negligible in
this device. Besides, we notice that: 1) the retrieved values for
series resistance are of the same level (=0.4 Q cm?). As discussed
previously, such consistency indicates the accuracy of the fitting
results. 2) Fitting errors at short circuits are slightly growing with
increasing irradiance. In line with the simulation results shown
in Figure S3, Supporting Information, these growing errors are
introduced due to the usage of a fixed Ry, in the MD model,
which in part takes on the role of describing recombination cur-
rents in the low-voltage region. With increasing irradiance, the
recombination currents in the low-voltage region become more
pronounced, and thus, a fixed Ry, cannot fully capture such
dynamics. This inconsistency also corroborates the fact that,
in this device, the current leakage is negligible and the loss
due to Ry, in the MD model should be attributed to the predom-
inant recombination loss. Figure 6g shows the normalized PCE
gains for each loss pathway at different irradiance levels. The
losses due to interface SRH recombination and series resistance
are the two major competing loss pathways in this device. Below
2'Wcm™2 (20 Sun), the interface SRH recombination is the pre-
dominant loss; with increasing irradiance, the series resistance
gradually becomes predominant. This is consistent with the
results in the simulation study shown in Figure 2, and the reason
why series resistance loss becomes predominant can be under-
stood with the MD model from another perspective; in terms of
power density, the loss due to R, can be directly calculated by J* Ry
as per Joule’s law, where the current density, J, approximately
scales linearly with irradiance; therefore, the power loss due
to Ryhas a quadratic growth rate with respect to irradiance, which
will take a larger proportion under higher irradiances.

To sum up, in this section, the experimental study demon-
strates that the MD model is capable of discerning and quantify-
ing electrical losses in perovskite devices, for both 1 Sun and high
irradiance applications. Notably, the details of fitting results are
consistent with those in the simulation studies, which further
validates the effectiveness of this approach.

4. Guidelines for Applying the MD Model

For reference, we summarize the procedures that we use to ana-
lyze the devices in this article as a set of guidelines. With the
following steps, one can use the MD model to quantify and ana-
lyze the losses in perovskite photovoltaics: 1) measure the J-V
curve of the device. The MD model is expected to be performant
when applied to steady-state -V curves even in the presence of
mobile ions. Thus, the scanning rate during measurement
should be low enough for the completion of ionic motions, or
a set of stabilized currents at fixed voltages can be measured
to directly produce the steady-state J-V curve;®*” 2) measure
the necessary parameters for describing bulk SRH recombina-
tion. To properly describe the bulk SRH recombination
current in Equation (2), the active layer thickness, the bulk
SRH recombination lifetime (for describing yy,), and the active
layer bandgap (for estimating n;) need to be measured; 3) apply
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the MD model to the J-V curves measured in Step 1 with the
parameters measured in Step 2. For convenience, one can
directly use our MATLAB implementation to apply the MD
model, which is open-source online;*" 4) quantify the losses
in terms of normalized PCE gain. The effect of a loss mechanism
in a complete device under operational conditions can be quan-
tified by a specific indicator such as the normalized PCE gain
proposed in this article. One can also devise other indicators,
so long as the dependence among different losses is taken into
account. After pinpointing the predominant loss pathway, one
can refer to Table S4, Supporting Information, to devise corre-
sponding optimization strategies; and 5) interpret the results
if the fitting error is large. There are several cases that can cause
alarge fitting error. First, if the bulk SRH recombination lifetime
is on the order of several nanoseconds or worse, the fitting error
may be large; in this case, we should conclude from the TRPL
results that the bulk of the absorption layer needs to be optimized
first. Second, in the case of severe interface SRH recombination
or high irradiance, with a good bulk layer and negligible current
leakage, a large fitting error in the low-voltage region may be
introduced because the usage of a fixed Ry, that in part takes
on the role of describing recombination currents; despite the
error, the fitting results in the exponential region are accurate
(as in Figure 6), so the retrieved parameters can still be used
to analyze losses. Third, a large error can be introduced if the
algorithm used by the MD model gets stuck at local minimums
with inappropriate initial conditions. One can use a randomized
set of initial guesses to obtain the results with the minimum
error. The causes of large fitting error and the corresponding
solutions are summarized in Table S5, Supporting Information.

5. Future Research

As a circuit model that can accurately quantify electrical losses,
the MD model can be generalized or included in a larger frame-
work, to solve different problems. Here, we list three potential
research topics where the MD model can play an important role:
1) the MD model can be coupled with an optical model such as
the transfer matrix method to extend the analysis that includes
optical loss. Since the MD model can accurately quantify
electrical losses, the accuracy of the overall loss analysis can
be improved; 2) the MD model itself can be generalized to other
photovoltaic technologies where two competing recombination
processes are entangled, so long as the characteristic of one
process can be identified by experimental techniques; and
3) the MD model can be applied as the elementary component
in a distributed circuit model®*? so as to analyze two-
dimensional effects, such as nonuniform illumination, distrib-
uted resistance, and so forth.

6. Conclusion

In this work, the MD is proposed to quantify bulk/interface
defect-assisted recombination and series/shunt resistive losses.
Combined simulation and experimental studies show that in
most practical cases, the MD model can accurately quantify all
the aforementioned losses, and in some special cases including
severe bulk or interface SRH recombination, it is possible to
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pinpoint the predominant loss pathway. Moreover, at higher irra-
diances, the MD model also demonstrates good performance
with high accuracy in both simulation and experimental studies,
which makes it feasible for evaluating photovoltaics in applica-
tions such as concentrators and optical wireless power transfer.
Finally, we provide a set of guidelines for applying the MD model
and interpreting the results. We make the source code freely
available online, which will hopefully facilitate the design of
efficiency-targeted optimization strategies for researchers in
this field.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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