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Silicon-Inspired Analysis of Interfacial Recombination in

Perovskite Photovoltaics
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Gianluca Coletti, and Erik C. Garnett*

Perovskite solar cells have reached an impressive certified efficiency of 26.1%,
with a considerable fraction of the remaining losses attributed to carrier
recombination at perovskite interfaces. This work demonstrates how
time-resolved photoluminescence spectroscopy (TRPL) can be utilized to
locate and quantify remaining recombination losses in perovskite solar cells,
analogous to methods established to improve silicon solar cell passivation
and contact layers. It is shown how TRPL analysis can be extended to
determine the bulk and surface lifetimes, surface recombination velocity, the
recombination parameter, J,, and the implied open-circuit voltage (iV,_) of any

management improvements (experi-
mental records are ~91% of the open-
circuit voltage, V., at DB, and ~93% of
the fill factor, FF, at DB), rather than from
light management optimization (x99%
of the short-circuit current density, ], at
DB).[>**l However it is not trivial to iden-
tify the significant carrier recombination
pathways across the stack’s layers based
on device V. and FF readouts alone; sup-
plemental characterization is generally

perovskite device configuration. This framework is used to compare 18
carrier-selective and passivating contacts commonly used or emerging for
perovskite photovoltaics. Furthermore, the iV, values calculated from the
TRPL-based framework are directly compared to those calculated from
photoluminescence quantum yields and the measured solar cell V,.. This
simple technique serves as a practical guide for screening and selecting
multifunctional, passivating perovskite contact layers. As with silicon solar
cells, most of the material and interface analysis can be done without
fabricating full devices or measuring efficiency. These purely optical
measurements are even preferable when studying bulk and interfacial
passivation approaches, since they remove complicating effects from poor

carrier extraction.

1. Introduction

The remarkable progress of perovskite solar cells in recent years
has brought certified device efficiencies to >26% - within one
percent of the silicon record.l!l Comparing record device param-
eters to the detailed balance (DB) limit, successful mitigation of
the remaining losses should primarily proceed via further carrier

required to locate and ultimately elim-
inate the major recombination losses
to further improve device performance.

Particularly in the perovskite com-
munity, films, and half-fabricate cells
are widely assessed using purely opti-
cal techniques. For example, the photolu-
minescence quantum yield (PLQY) and
the minority carrier lifetime () are fre-
quently measured and included in per-
ovskite photovoltaic reports.>**1 These
non-electrical assessment tools make it
easier to compare film or half-stack qual-
ity without needing to fabricate full de-
vices - but again these measurements
alone will not answer the key ques-
tion: are the carrier recombination losses
coming from the bulk of the perovskite, from one or both of the
perovskite-contact interfaces, or from somewhere else in the de-
vice? If this question is not addressed, the community may be
misdirected to make erroneous assumptions and focus on opti-
mizing regions within the stack which are already nearly perfect.

Conversely, the silicon PV community has been utilizing
well-established techniques to isolate different recombination
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processes for the past 30 years.l1%13] Specifically, the photocon-
ductance decay method enables the fast and simple determi-
nation of the minority carrier lifetime - similar to what is typ-
ically extracted from time-resolved photoluminescence (TRPL)
decays for perovskite films. With the lifetime easy to quan-
tify, further methods such as thickness-variation measurements
have enabled the separation of bulk and surface recombination
contributions in silicon and germanium wafers.'*1¢] Moreover,
it is typical for the silicon community to quote the recombi-
nation current density J, or the implied open-circuit voltage,
iV,., of the wafer rather than its minority carrier lifetime.['-1%)
Reporting these parameters can be exceedingly more practi-
cal than reporting lifetime alone as they can easily be com-
pared to the properties of the equivalent device’s current—voltage
curve.

Herein, we propose a framework to experimentally locate and
separate the non-radiative Shockley-Read-Hall (SRH) recombina-
tion processes as they occur across any perovskite stack, with in-
spiration drawn from the longstanding silicon techniques. This
framework emphasizes how one can extend from the archetypal
time-resolved photoluminescence spectroscopy measurements
to separate bulk and surface recombination losses at either inter-
face. We describe how the surface recombination velocity (SRV)
can be extracted at either contact by measuring 7,4 as a func-
tion of perovskite thickness, W, provided the carrier diffusion
length is known.['*2°] Using this framework, this work provides
the experimentally-determined SRVs of 18 different passivating
and carrier selective contacts with the Cs;o.(MA, FA(g)gos PD
(Bry, Iy 5); perovskite.?!] We further compare SRVs when the per-
ovskite stack is inverted.

We continue by explaining the utility of using the recombina-
tion parameter J, and the separated bulk and surface J, compo-
nents either in addition to, or instead of, quoting the SRV or
PLQY in reports. In line with the argument that determining
the J, can aid in the understanding of solar cell performance,
we finish by detailing how the implied V,_ extracted from the
proposed framework compares to the implied V. extracted from
PLQY, and to the true V,, measured for full devices, highlight-
ing the losses predicted from the framework analysis and losses
from other sources not included in the analysis. Experimentally,
we determine that the limiting region due to SRH recombina-
tion in our solar cells is at the perovskite-Cy, interface, which ac-
counts for ~90% of the total non-radiative open-circuit voltage
losses. We further show that for perfectly passivated cells, the
maximum iV, that can be achieved is ~1.29 V, signifying that
the perovskite bulk quality is already exceptionally high in this
case.

Finally, we show in this work that reporting full device effi-
ciencies is not strictly necessary for analyzing current and next-
generation perovskite contact layer passivation properties. In-
deed, we argue that focusing on high efficiencies alone can be
detrimental to perovskite solar cell progress as, even with a high
quality perovskite active layer and state-of-the-art contacts, de-
vice efficiencies can remain limited due to hidden additional
losses. Without a separate analytical procedure in place to identify
and quantify each loss process, device optimization can be lim-
ited. This argument has already been established in the silicon
community - here we simply extend the rationale to perovskite
photovoltaics.
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2. SRH Recombination and the Minority Carrier
Lifetime for PV Materials

Deviation from the detailed balance limit for any trap-containing
photovoltaic material is, by definition, partially attributed to trap-
assisted SRH recombination, which can occur within the bulk of
the material or at its surface, depending on the location and na-
ture of the trap.[>??! For perovskite solar cells in particular, SRH
recombination is still a major energy loss pathway that limits de-
vice efficiencies.[??*] Consequently, the material quality of any
photovoltaic layer can be quantified by determining the SRH re-
combination rate, which is proportional to the trap density in the
material. By means of convention, it is not the SRH recombina-
tion rate, Rgp,y, that is quoted and compared in literature, but the
effective SRH lifetime - a proxy of the inverse recombination rate,
given as:

_ An
Tsritef = R__ (1)

for p-type semiconductors (z7gpyy 5 = Ap/Rspyy for n-type semi-
conductors). The effective SRH lifetime, shortened to 5 is re-
lated to the SRH bulk and SRH surface lifetimes by:

1 1 1
—_ = +
T Touk  Towrf

(2)

Separation of these lifetimes and further analysis will be de-
scribed in Sections 3 and 4. Before that, it is first necessary to
discuss the standard methods applied to determine the effective
lifetime. While experimental methods can vary between photo-
voltaic materials, such as between silicon and perovskite samples,
the underlying theory and the lifetime meaning are the same.

2.1. Measuring the Minority Carrier Lifetime in Silicon Wafers

In silicon photovoltaics, the effective minority carrier lifetime of a
wafer is generally determined using the photoconductance decay
technique. This technique, for the near majority of researchers
and industrial testers, is carried out using the Sinton WCT-120
assessment tool.1%11] To illustrate this technique, we fabricate
and measure the lifetime of an n-type Czochralski silicon wafer
with symmetric nitric acid oxidized silicon (NAOS) tunneling lay-
ers and with 20 nm of n-type polysilicon deposited symmetrically
on top the oxide (fabrication details are listed in the Supporting
Information).

In the measurement, the symmetric n-poly/SiO, /silicon wafer
is placed on top of the induction coil and a flash from a stand-
ing lamp briefly illuminates the wafer, as schematically shown
in Figure 1a. The raw photovoltage decay is measured as a func-
tion of time (Figure 1b) and is converted to the photoconductance
decay (Ao ) based on a predefined calibration curve of the induc-
tion coil.['?] The excess carrier concentration as a function of time
is then obtained based on the relation: Ao = qWAp(u, + u,),
where mobilities are known for silicon (typically, electron mobil-
ities are u, #1100 cm*V~'s™" and hole mobilities are y, ~400
cm?*V~'s™), and the thickness is a measured input - in this case,
W, = 180 pm.['V
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Figure 1. a) Schematic of the Sinton WCT-120 lifetime assessment tool for silicon PV. b) The raw photovoltage decay signal as a function of time for the
symmetric n-poly Si/SiO, on n-Si wafer. c) Determined carrier-dependent lifetime as a function of carrier concentration (primary x-axis) and as a function
of time (secondary x-axis), calculated from Equation 4. The reported 7,4 is at the standard MCD of 10" cm~3. d) Schematic of the typical TCSPC lifetime
set-up for TRPL measurements. In this work, Ao, = 485 nm (4., & 780 nm after ~2 min of steady-state excitation). ) The cumulative photon signal
collected over time for the perovskite on glass sample. f) Carrier-dependent lifetime (differential lifetime) as a function of carrier concentration and as
a function of time, calculated from Equation (6). T,¢ is determined at the saturation point of the curve, which is defined to be at the SRH limit. The
radiative carrier lifetime (dashed) and Auger carrier lifetime (dotted) are also plotted based on our fit and on reported coefficients for a similar perovskite
composition; kggg = 2.9 X 1071 em™s71, Cppe, = 5 X 10722 cm =051 3839

The effective carrier lifetime can then be obtained using
the standard continuity equation with the assumption that the
carrier concentration is spatially uniform across the sample.
Under this assumption, the continuity equation is reduced
to:

dAp(t)
dt

= G(t) — R(t) G

where G(t) and R(t) are the total time-dependent carrier genera-
tion and recombination rates, respectively. There are three analy-
sis modes that can be selected based on the expected lifetime.**]
For high quality and well-passivated wafers, the transient mode
is most commonly applied - used when the carrier lifetime of the
symmetric silicon sample is longer than the flash time. Under
this condition, G(t) ~ 0 can be assumed and the continuity equa-
tion simply becomes:

ap) = ——2F 4
Tep(Ap) = ~dap/dt (4)
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Wherein the variable or ‘carrier-dependent’ lifetime is defined
as:

1 1 1 1
— =+ —+
Tcp Teﬁ” T Radiative TAuger

&)

We plot the carrier-dependent lifetime both as a function of car-
rier concentration and of time for our illustrative silicon sample
in Figure 1c. Conventionally, the reported lifetime is given at the
minority carrier density (MCD) corresponding to one-tenth of
the wafer doping density (N,), typically at 10> cm™3.1%] In our
case, Tcp@MCD = 7.2 ms, as indicated by the blue marker in
Figure 1c. This marker is located approximately at the plateau of
the carrier-dependent lifetime curve, which is an indication that
SRH is the dominant recombination process - signifying that at
this point, T, ~ 7,5 Indeed, this is the underlying justification
of reporting lifetimes at 0.1 X Nj,. At higher carrier concentra-
tions, T p is much shorter, which is of course the consequence of
radiative and Auger recombination processes becoming increas-
ingly dominant.[2¢]
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2.2. Measuring the Minority Carrier Lifetime in Perovskite Films

Comparatively, in perovskite photovoltaics, the carrier lifetime
is typically determined by using time-correlated-single-photon-
counting (TCSPC) to obtain the PL decay trace.[””] We similarly
provide an illustrative case by measuring the PL decay of the
Csg06(MA,, FApg)oos Pb (Bry, L)) perovskite on glass. In the
standard TCSPC experimental procedure, which is schematically
shown in Figure 1d, a pulsed laser excites the film and an emit-
ted photon from the sample is detected some time later typically
with a single photon counter. The time of travel of the photon
to the detector is subtracted such that only the time difference
between excitation and emission is recorded. This process is re-
peated several million times to build up a histogram of the decay
curve, shown in Figure 1le. Notably, the repetition rates, RR, for
all TRPL measurements in this work were selected by ensuring
that 7,; < RR™". This ensures that in every case the full decay
was captured.!28-3]

In many works, researchers generally obtain the minority car-
rier lifetime by fitting a n™ order (usually n = 2) exponential to
the TRPL decay: PL(t) = X\ A exp(—t/7;). Generally, the long
lifetime obtained from the fit is quoted as the effective minority
carrier lifetime, since the solution to the continuity equation at
the SRH limit is a monoexponential decay.’'-*}] However, there
are some nuances in fitting such an arbitrary function to the de-
cay, namely that while the solution of the continuity equation for
the SRH component is a monoexponential, other processes — ra-
diative, Auger, extraction, re-injection, and so forth — generally are
not, making the biexponential fitting procedure quite groundless.
This has already been eloquently described in other works.[3+35]
In the same works, it has instead been proposed that the ‘differ-
ential lifetime’:

_ (dlnAn@)\T_ (1dInPL(t)\
’dfﬂ(A’”—‘(T) "(57) ©

should be used to analyze TRPL decays to find the more accu-
rate effective SRH lifetime (it is assumed in this work that the
perovskite layer is p-doped). The factor of 2 in Equation (6) arises
from measuring under high injection levels, PL « n?. By the dif-
ferential lifetime definition, the point of saturation of the dif-
ferential lifetime is the effective lifetime, provided no other in-
jection or extraction processes are occurring and that first or-
der radiative recombination is negligible. It is noted that while
there has already been some adoption of applying differential
lifetime technique for TRPL analysis, it has not yet been heav-
ily popularized.!3¢-38l

In this work, we apply the differential lifetime analysis tech-
nique to extract the effective lifetime of the perovskite sample.
The differential lifetime - for sake of comparison, redefined as
the carrier-dependent lifetime - of the illustrative perovskite sam-
ple is plotted as function of carrier concentration and as a func-
tion of time in Figure 1f. The carrier concentration of the per-
ovskite, shown along the primary x-axis in Figure 1f, is not di-
rectly measured but approximated using the laser fluence, laser
spot size, film thickness and absorption, as described in the Sup-
porting Information. From the plateau of the curve, the effective
lifetime of the perovskite sample is 7,; = 196 ns. Similar to the
silicon lifetime analysis, the drop off in the carrier-dependent life-
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time is as a consequence of radiative and Auger recombination
dominating at high carrier concentrations. We exemplify this by
also plotting the radiative and Auger lifetimes as a function of
minority carrier concentration in Figure 1f, which we determine
in this work by simply fitting the curve to Equation (5) and not-
ing that the extracted values strongly agree with the reported val-
ues of a similar perovskite composition.[*] The figure highlights
that radiative recombination accounts for the carrier-dependent
lifetime transition at 2 x 107 cm™3 <A n < 10" cm™, while
Auger dominates at A n > 10'® cm™3. It is noted that, upon il-
lumination, the effective Auger and radiative lifetimes will vary
over time due to local material changes such as halide segre-
gation occurring within the film; we further discuss such vari-
ations and the effect on the shape of Figure 1f in the Supporting
Information.

We provide one final note regarding the effective lifetime de-
termination for perovskite films in this work: we measure sam-
ples only under high injection level conditions, in which case the
effective lifetime is the sum of the electron and hole lifetimes,
T4 =T, *+ T,. For low injection levels, the plateau would corre-
spond to either 7, or t,, depending on the polarity of the dopant;
the low injection lifetime (assumed to be t,) of this perovskite on
glass example is reported and further discussed in the Supporting
Information.

3. Separating Bulk from Surface Recombination
Processes

3.1. Thickness-Dependent Effective Lifetime Measurements

We now return to Equation (2) and discuss the means of sepa-
rating the bulk from surface recombination processes from the
measured effective lifetime. While the bulk lifetime is a reason-
ably straightforward and understandable parameter to charac-
terize the bulk quality of perovskite films, the surface lifetime
is not. This is due to the fact that the surface lifetime depends
on more than simply the rate of SRH recombination at the sur-
face; it also depends on the layer thickness and carrier diffusivity,
both of which can of course vary between samples. It is therefore
more appropriate to determine and quote the surface recombina-
tion velocity, which depends only on the surface properties, such
as the surface trap density and the carrier concentration at the
surface.[*0]

Relating the surface lifetime to SRV has previously been out-
lined in literature and that study noted that a direct relation is not
trivial - the generalized form can only be solved numerically.[?!
However, the boundary conditions can be approximated analyt-
ically, which provide upper and lower limits to the determined
SRV. Defining the effective SRVs of either interface to be S; and
S,, we can write that at the limit wherein S; > S, (S, = 0):

furf =757 7D

2w 4(W)2 )

n
For the limit of S; = S,, the relationship is approximated as:
2

T _2_W+1<K) 8)
“f =S5 +S, D\=z
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In the above expressions, W is the thickness of the photoac-
tive layer and D is the ambipolar diffusion constant (under high
injection levels). The factor of 2 in each of the first terms arises
from the assumption that the effective SRV at either interface, S,
is equivalent to both the hole SRV and electron SRV - that is, S,
+ S, =25

For perovskite materials, several works argue that as the carrier
diffusion length (related to D by L, = \/E) is much longer than
the typical film thickness, so the second term in Equations (7)
and (8) is negligible.3*35#142] This assumption would enable the
convenient case of:

2W
Tuf N S S, ©)

This assumption can be somewhat justified on the basis that
there are many reports finding L, to be at least 5 um for poly-
crystalline perovskite thin films.[**~*¢] However, the true diffu-
sion length of any perovskite film depends on a myriad of fac-
tors including polycrystallinity and chemical composition. Con-
sequently, mixed halide perovskite films have been reported in
other works to have diffusion lengths much closer to the typical
film thickness.!*’- To this extent, we argue that this assumption
should be approached with caution; in any case, entirely neglect-
ing the diffusivity term and still obtaining reasonable surface life-
times only holds for relatively low SRVs.

To ascertain whether the second term can be omitted to sim-
plify our analytical procedures, we solve for the effective life-
time when either Equations (7) or (8) are used to find 7,
and compare the results to when Equation (9) is used to find
T,.r- We present the results in Figure S10 (Supporting Infor-
mation). In the Supporting Information, we also discuss the
limiting scenarios for when the diffusivity term is necessary
for a range of different SRVs and diffusion lengths. Based
on the experimentally obtained effective lifetimes in this work
and comparing with the analytical results, we deduce that the
transverse carrier diffusion length must be >1 um. We sup-
plement this calculation by experimentally measuring the lat-
eral carrier diffusion length of our triple cation mixed halide
perovskite thin film on glass using a home-built steady-state
photocarrier grating (SSPG) set up, the experimental details of
which are described in our previous work.>!l Typically for per-
ovskite films, the transverse carrier diffusion length is signif-
icantly longer than the lateral diffusion length.’?] From these
measurements, we obtain an in-plane carrier diffusion length of
Ly 1 = 500 nm.

With the diffusion length considered, it is now reasonable to
confirm and utilize the relationship of the effective lifetime with
surface recombination velocities and bulk lifetime:

1 1 S+ S
— =t (10)
Tef  Thulk 2W,

Drawing inspiration from similar techniques applied in the sil-
icon community, we separate the bulk from surface recombina-
tion parameters by varying the thickness of unencapsulated per-
ovskite films on glass and plot the inverse effective lifetime as a
function of the inverse thickness in Figure 2a.**1%] Using Equa-
tion (10), the inverse intercept from the fitis t,,;, and the slope is
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(Sair + Sgiass) /2. The unencapsulated perovskite linear fit yields a
bulk lifetime of 1, ~ 1 ps. However, as the associated statistical
uncertainty of the intercept s high (+ 4 ps, as depicted as the gray
region Figure 2a), there are clearly issues with this initial approx-
imation, which we attribute to ongoing interfacial reactions such
as oxidation occurring at the perovskite-air interface. To reduce
the associated uncertainty, we further measure the effective life-
time as a function of thickness for both perovskite films encap-
sulated in trioctylphosphine oxide (TOPO, shown in green), and
e-beam evaporated SiO,-encapsulated perovskite films (shown in
red). As presented in Figure 2a, the spread of data, thereby the as-
sociated uncertainties of the intercepts, are in both cases reduced.
This allows for a better approximation of 7, to be obtained. We
determine from the TOPO-encapsulated dataset that 7, ~ 2 +
1 ps.

Furthermore, as TOPO has been shown to passivate the dan-
gling bonds incredibly well when deposited on top of perovskite
films, the SRV of the perovskite-TOPO interface is near zero, al-
lowing one to determine the SRV of the rear perovskite-glass in-
terface as simply twice the slope of the best linear fit.[3>4253] The
SRV of the perovskite-glass interface was determined to be S,
=200 + 80 cms~!. This is in agreement with the slope from the
Si0,-encapsulated dataset (S, = 300 + 150 cms™'), the latter
calculated with the assumption that the SRVs of the top and rear
SiO, interfaces are equal. Using the former value for Sy, the
SRV between the perovskite and air can also be determined: S,
=1100 + 500 cms™.

This thickness-variation method can be applied for all per-
ovskite structures of interest and, particularly when using encap-
sulants such as TOPO or SiO,, the bulk lifetime and the SRVs be-
come experimentally straightforward to obtain. Moreover, if the
assumption is made that the perovskite bulk carrier lifetime does
not substantially differ when deposited on different contacts, one
can then use the bulk lifetime obtained from the fits in Figure 2a
and extend to rapidly obtain the SRV of layers, which are of
greater interest in the photovoltaic community. We highlight that
such an assessment has already been implemented for the extrac-
tion of the SRVs of several selective contacts on MAPbDI; films
in the past.[*?] The assumption that bulk lifetime does not dras-
tically change is somewhat reasonable considering that, while
the bulk lifetime does tend to slightly differ when the perovskite
film is formed over different substrates, it does not span orders
of magnitude and it furthermore has been shown in literature
the bulk rarely limits the measured effective lifetime.[*14954 As
a result, the extracted values for 7,,, and S,;, (or indeed Sy, if
SiO,-encapsulation is applied) can be used to then determine the
S the SRV of the rear contact, using the above relations.

contact?

3.2. Experimental Determination of SRV for PV-Relevant Contacts

The effective lifetimes of the substrate-contact-perovskite stacks
were measured for 18 different thin contacts of interest for pho-
tovoltaic applications. The SRVs of the seven hole transport lay-
ers (HTLs), seven electron transport layers (ETLs) and four addi-
tional materials were then obtained using Equation (10) and the
predetermined t,,, and S, values, with the uncertainty range
determined from the limits of S; > S, and S; = S,. The effec-
tive lifetimes and corresponding SRVs are plotted in Figure 2b.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 7 SUOWIWOD dA1E81D 8 deotdde au Aq peusenob a1e seole YO ‘8sn JO S9N 1oy Areiq18UIIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBYWOY"AS | 1M Afe.d 1 jBul{U0//SdNL) SUOIPUOD pue SWB 1 8U1 88S " [7202Z/80/7T] U0 ArlqiTauluo AS|IM ‘SpuejeyIeN aueIya0D Aq 596007202 WUSe/Z00T 0T/I0p/L0o™A8 | im Areiqijpuluo//Sdny woiy papeojumod ‘0 ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(a) Top Surface Layer
Perovskite
Glass

al Top Surface Layer:
@ Air ~
—~ | @ Sio, E
'w 3 ® TOPO PR R
N~ /’//, &
= 2
| T e |2
; - B
=1 et | §
e P ° !10:,
o a &
0;f:‘:’:’::::—__::_____l__.___..,Ta.,_-.__._l-._,.__.__l _______
0 5000 10000 15000 20000 25000

-1
/Wy (cm )

www.advenergymat.de

( b ) Perovskite

Contact
Glass

|n

St

o
N

w

Perovskite-Contact SRV (cm/s)

=
o

*

0
o]e]
z>

Figure 2. a) Above: schematic depicting the standard sample configuration used for thickness dependent lifetime measurements. The blue and red
arrows indicate the direction of laser excitation and collected PL emission, respectively. Below: the inverse effective lifetime as a function of inverse
perovskite thickness, with linear fits applied to the data (dashed lines). The fits were used to determine the bulk lifetime (intercept™") and the surface
recombination velocities (S; + S, = 2 X slope) for unencapsulated perovskite films (blue), SiO,-encapsulated films (red) and TOPO-encapsulated films
(green). The shaded regions correspond to the statistical uncertainty of the fitted intercept. All perovskite films were fabricated on glass substrates.
b) Above: schematic of the sample configuration applied to determine SRVs of the PV-relevant contacts. Below: corresponding histogram of the effective
carrier lifetimes (read from the left y-axis) measured for 18 different contacts of interest, grouped into HTLs (green), ETLs (red) and remaining contacts
not typically used as transport layers (blue). The corresponding determined SRVs for each contact are shown as the gray markers and read from the right
y-axis. The gray errorbars indicate the SRV range determined from the boundary conditions defined from Equations (7) and (8).

The extracted SRV values are of course sensitive to the nature
of the perovskite (composition, deposition, method, treatment)
- as such, different works may report slightly different values.
However, despite the compositional variation, it is emphasized
that the SRVs determined in this work are in agreement with the
SRVs of similar contacts but on MAPDI, films.[*?]

We first emphasize the caveats of directly measuring the pas-
sivation of a contact with the intent of relating the results to a
full device. By inspecting the graph, one notes that in partic-
ular NiOx, deposited as Ni by e-beam evaporation followed by
high-temperature annealing in air, exhibits by far the lowest SRV
of ~80 cms™. From purely a passivation viewpoint, one would
expect NiOx to serve as the most effective HTL under a sin-
gle junction pin configuration. It is however emphasized that
passivation does not automatically infer effective carrier extrac-
tion; poor band alignment or the formation of a passivating in-
ert layer by redox reactions at the oxide-perovskite interface will,
and do, limit effective carrier extraction.®*! Indeed, in our pre-
vious work we found that the NiOx interface was limiting the
performance in our back-contact perovskite solar cells, due to
the formation of a large carrier extraction barrier.l) As a second
caveat, significant variations from the perovskite-glass reference
should be tracked with supplemental optical and morphologi-
cal characterization, such as with x-ray diffraction (XRD), scan-
ning electron microscopy, absorption spectroscopy and PL (all
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of which are presented in the Supporting Information). Should
significant deviations occur for a test sample compared to the
glass reference - for example if an excess of Pbl, is present,
determined from XRD, it is recommended that a thickness-
dependent effective lifetime dataset is collected for that sam-
ple, and the SRV is extracted instead from the slope. With the
caveats known, we argue that this method serves as a reasonable
and efficient screening technique to determine the passivation
properties of any contact located on the rear of the perovskite
film.

In addition to directly comparing the passivation performance
of different contact materials using this technique, the influence
of deposition method can also be established. For example, we
compare 10 nm films of MoOx, deposited by either pulsed laser
deposition (PLD) or by thermal evaporation (TE).5®] As shown
in Figure 2b, the passivation of MoOxy; (SRV ~2.5 x 10* cms™!)
is much worse than that of MoOxp; (SRV ~5.1 X 10° cms™).
Similarly, we show that the surface recombination of the SnOx
ETL is higher when fabricated using chemical bath deposition
(SRV ~2.3 x 10° cms™') compared to the standard spin-coating
method (SRV 2900 cms™!).]

Furthermore, we can apply this method to screen for prospec-
tive passivating, carrier selective contacts for single junction and
tandem perovskite devices. The case in point for this work is
highlighted with the SRV measurements of intrinsic amorphous
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Figure 3. The difference in the measured SRV of perovskite-PTAA, -Spiro,
-PCBM and -Cg interfaces when the contacts are deposited at the rear
(blue) or on top (red) of the perovskite film.
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silicon, (i)a-Si:H, and n-type polysilicon (n-poly Si) - both are com-
parable to state-of-the-art perovskite contacts.

As the SRV of the perovskite-glass substrate interface is
known, it is evident that the contact position in the stack can be
inverted, enabling one to also obtain the SRV of the contact when
itis employed as a superlayer rather than a sublayer. This extends
the applicability of this technique, enabling us to compare dif-
ferent contacts under realistic device configurations. We select
four common contacts of interest, namely the HTLs of Spiro-
OMeTAD (Spiro) and PTAA, and the ETLs of C¢, and the related
PCBM. These contacts were selected as they are quite extensively
used as typical transport layers in perovskite solar cells, and they
additionally can be easily spin-coated or evaporated either on the
substrate or on the perovskite film without major sample alter-
ations. It is widely known that PTAA and Cg, are preferentially
utilized in the pin configuration, while Spiro and PCBM are gen-
erally utilized in the nip configuration.[”*8 With the exception of
the high SRV of C,, when deposited on top of the perovskite layer,
we find that such common preferential configurations agree with
the differences in our experimentally determined SRVs, which
we compare in Figure 3.6 The underlying reasons for differ-
ing SRV values between the same contacts but with an inverted
stack order are complex. We propose that a key reason is likely
due to the different nucleation and growth mechanisms of the
deposited layers, which are highly dependent on the substrate be-
neath; such surface variability has been shown to occur for per-
ovskite films grown upon different substrates.>*®!] We further
postulate that dry deposition methods, such as evaporation, will
likely lead to less intermixing of the contacts at the surface com-
pared to wet processing methods. Whether this intermixing is
beneficial or detrimental for the device likely depends on the pre-
cise contact composition.

The determination of the SRV of any contact regardless of their
position in the perovskite stack enables one to calculate the effec-
tive total SRV for any hypothetical perovskite configuration i.e.,
with any two contacts placed on either side of the film. The bene-
fit of this calculation is that it can then be converted to the corre-
sponding upper limit for the open-circuit voltage, provided that
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extraction beyond the carrier transport layer is perfect. These cal-
culations can therefore be used to determine and optimize the
limiting contact(s) in current and next-generation perovskite pho-
tovoltaic devices, and further indicate whether additional signif-
icant losses occur beyond carrier extraction and separation into
the transport layers.

4. Open-Circuit Voltage Predictions and Solar Cell
Comparisons

We now focus on addressing the question: how do the SRH re-
combination properties, determined using the above methodol-
ogy, translate to full device open-circuit voltages and cell efficien-
cies? To address this relationship, we first consider the simple
perovskite half-stack configuration schematically portrayed in the
upper half of Figure 2b.

We begin by assessing whether the extracted SRVs agree with
a second material property that directly relates to the minority
carrier recombination - the PLQY. As the PLQY is simply the ra-
tio of the radiative to total recombination rate in a semiconductor
material, it is inversely proportional to the non-radiative recom-
bination rate and, by extension, the measured SRV of the same
sample. We exemplify this relationship by plotting the inverse
percentage PLQY against the perovskite-contact SRV for a sub-
set of 11 contacts in Figure 4a. We omit FTO, ITO, the silicon-
based contacts, MoOx and SnOxcy as these contacts currently
are not widely applied directly as an interfacial layer to the per-
ovskite film in PV technologies. With the exception of two out-
liers, the samples which consider Spiro and V, Os, the results fol-
low the expected inverse linear relationship. These outliers can be
attributed to degradation between measurements and local differ-
ences on the samples. Specifically in the case of Spiro, the wetta-
bility of the perovskite was poor on the contact which in turn im-
plied regional differences in the film formation and quality (this
argument is supported by the low solar cell performance which
is shown later in this section).

While the conversion from the measured PLQY to the sam-
ple’s implied open-circuit voltage is relatively straightforward -
simply iV,, = V. gag + ViperInt (PLQY), where V,; is the open-
circuit voltage at the radiative limit and Vj;,,,, is the thermal volt-
age (25.85 mV) - the direct relationship between the minority car-
rier lifetime and open-circuit voltage is slightly more nuanced.
We will consider an approach with two variations in convert-
ing 7,5 to iV,,: the first variation is that we directly apply a pre-
viously derived expression specifically for perovskite materials
and their properties.?®! The second variation is by more gener-
ally converting the SRH recombination parameters first to their
corresponding |, values and summing all the recombination
components.[®?] Of course, both of these variations are derived
from first principles - as such they should yield the same result
(this is verified in the Supporting Information). However, each
calculation relies on different perovskite properties; the variation
one chooses will simply depend on which properties are known.

Beginning with the first method, it has previously been shown
that the iV, can be determined from 7, provided that the back-
ground doping density, N,, the carrier generation rate G, the ra-
diative recombination coefficient kg,,, the probability of escape
(P,) and summation of P, with probability of parasitic absorption
(P = P, + P,) are known.[222863] Reproducing this relationship,
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Figure 4. a) SRV plotted against the inverse PLQY of 11 contacts, in which the contacts were deposited on the rear of the unencapsulated perovskite
film. b) Calculated implied open-circuit voltage using Equation (11) for different doping densities of N4 = 101, 10'¢, and 10" cm~3. The solid line
represents the carrier generation under TRPL conditions. For reference, the dashed line corresponds to the PLQY carrier generation rates in this work;
Gproy = 2.24 x 10™ cm=3s™1. The radiative limit is also indicated with the solid gray line, V,, g,q = 1.32V. c) Plotting iV, as a function of SRV = S; + S,
for Ny = 10" cm=3 and 7, = 2 ps. The green dashed line corresponds to iV, determination from the first discussed method, and the red solid line
corresponds to the curve determined from the J, method. Inset: zoomed region which resolve the marker positions of the three hypothetical solar cell
configurations. d) Visualization of the total non-radiative iV, losses for the three solar cell configurations, solved by determining the ratio of the total
voltage loss due to each J, term (note that the losses are presented on a logarithmic voltage scale).

iV = Vo raa + VipermIn (Q), where Q is defined as the external
luminescence quantum efficiency;

ZkRadPeTeﬁ(NA + GTejf)

Q=

(L+kraaNa Pro)? (11)
1+ kgag P(N4 + 2Grop) + Tzﬁr\/4GkRudP+ %

In this analysis, voltage losses due to Auger recombination
are neglected. Based on the TRPL fluence conditions in our
work, we set G ~ 4.2 X 10'® cm~3s™!, which we determine
from the absorbed photon flux and perovskite thickness. The
radiative recombination coefficient is set as kp,; = 2.9 x 10
cm~3s7!, which, as it has been shown, agrees with the carrier-
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dependent lifetime trend of the perovskite in Figure 1d and
agrees with previous reports.’] Following realistic literature
values, we set P, to be 0.13 and P, to be 0.07.°7%] With
these parameters and measuring the perovskite bandgap to
be E, = 1.6 eV, we plot the iV, as a function of effective
minority carrier lifetime for three different doping densities
in Figure 4Db.%®) For reference, the experimentally measured
effective carrier lifetimes and the corresponding iV, derived
from PLQY are plotted in the same figure. Accounting for the
differences in carrier generation rates between the measure-
ments (solid versus dashed lines), the implication from the
position of the experimental data is that the background dop-
ing density of the triple cation perovskite used in this work is
on the order of 10'® — 107 cm™. Furthermore, as shown at
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sufficiently high effective lifetimes, the maximum achievable V,,
is #11 mV below that of the radiative limit; this is a consequence
of the notably strong influence of parasitic absorption (absorbing
7% of the total incoming light) in such high-quality hypothetical
devices.

Of course, the corresponding open-circuit voltages for the plot-
ted samples do not correlate to true device parameters, as these
are half-stack samples and contain only one transport layer of in-
terest. However, as we have already predetermined 1, and the
SRVs of several contacts of interest in their relevant configuration
in the stack, we can combine Equations (11) and (10) and can es-
timate the upper limit to the open-circuit voltage for full device
stacks, assuming that losses beyond the transport layers are neg-
ligible. Using t,,;, = 2 us, we plot the iV, as a function of SRV =
S, + S,, shown as the green dashed line Figure 4c. It is evident
that at SRVs beyond ~100 cms~!, surface recombination lim-
its the iV,_. At negligibly low SRV values, the total non-radiative
iV, loss is 27 mV. The 27 mV loss in this case is due to both
parasitic absorption, as described above, and to bulk recombina-
tion within the sample; this is effectively the iV, limit in which
Thulk = Tefp = 2 1IS.

In the same figure, we also indicate the predicted open-circuit
voltages for three different pin solar cell configurations, in which
Cq is the common ETL and with different HTLs, namely 2PACz,
PTAA and Spiro. As expected from the previously shown ex-
ceedingly high SRV of the perovskite-Cg, interface, we see that
in all cases Cg, accounts for an additional voltage loss of 127
mV. This interface is clearly the voltage-limiting component in
each hypothetical device. This limitation has been observed in
other works using different methods; within the past two years,
there has been a heightened focus in the perovskite community
to understand and to mitigate the observed losses at the Cg,-
perovskite interface.>*%>7% Additional losses due to the HTL are
consequently minimal, as evident by the proximity of the mark-
ers. This of course does not imply that they do not limit the device
in any way; should C, be replaced with a highly passivating ETL,
one finds that the HTL in each case then becomes the limiting
point of recombination, which is evident from simply following
the trend in Figure 4c.

We now consider the second and more generalized variation
to predict iV, and estimate the voltage losses at each region of
the device. From the SRH recombination parameters calculated
in previous sections, it is also possible to make an estimation of
the recombination parameter J,, the reverse saturation current
density[®?! ], is widely used in silicon PV as an assessment pa-
rameter of the silicon (half-fabricate) wafer; J, is notably auto-
matically calculated in the Sinton WCT-120 analysis software and
the value is generally returned with the lifetime and the iV, _.[1819]
The benefit of using ], is that each loss component can simply be
added up to determine the total dark recombination current den-
S1tY: Jo, 1ot = Jo, rad * Jo, surf + Jo, buk + Jo, auger- This makes the deter-
mination of the key loss mechanisms relatively more straightfor-
ward than using Equation (11). The total iV, can then be simply
determined using the standard expression:

ivoc = Viherm In <]JSC > (12)

0,tot

Adv. Energy Mater. 2024, 2400965 2400965 (9 of 12)

www.advenergymat.de

For the perovskite bandgap of 1.6 €V, J, ,g = 1.43 X 10727 Acm ™
(we §upply the so.lved equation between J, Rad aqd Eg in the Sup-
porting Information). We once more draw inspiration from sil-
icon methods to convert t,,, into a reasonable estimation for

.[40
]O,bulk'[ ]

2
vak qni

_ (13)
Ty Na+ An

]O,bulk =

It similarly follows that for surface recombination, with S= S, +
S,, that:71]
n?
ot = 3 33 3 4
L+ An
For a generalized SRH expression, each of the above bulk and sur-
face components can simply be summed: J .5 = Jo, pur + Jo, surf-
The intrinsic carrier concentration for this perovskite is calcu-
lated to be n; = 7.03 x 10* cm~ (see the Supporting Information
for the calculation). As with the first variation, we also account for
the probabilities of escape and of parasitic absorption by scaling
the J, components accordingly. We account for the probability of
emission by scaling the non-radiative J, terms with the inverse
of P, and by scaling the radiative J, term with P/P,.[?8] Using this
approach, we determine J,,; = 1.90 x 1072* Acm™2. While the
Auger recombination is neglected in Equation (11), we show that
it can easily be implemented in this generalized approach to pre-
dict a more accurate open-circuit voltage. Using an Auger coeffi-
cient of Cy,,, = 5 x 107 cm™%s™", we calculate J 4, = 1.90 X
1072 Acm~2.381 We argue it is good practice to incorporate the
losses due to Auger, should high injection levels be required or
applied in different measurements and test conditions, as is the
case in this work. The predicted open-circuit voltage determined
from Equation (12) is plotted as the red solid line in Figure 4c.
Indeed, the difference in the green and red curves at low SRVs
is the effect of including Auger in the latter variation. Auger ac-
counts for an additional iV, loss of 5 mV (this is the difference in
the plateaus of the curves at low SRVs in Figure 4c). Otherwise,
the similarities between the solid and dashed curves emphasizes
the minimal differences in the calculation variations to convert
the SRH lifetime properties to predicted open-circuit voltages.
To emphasize the benefit in resolving each J, component, we
visualize the extent of open-circuit voltage loss, due to Auger, bulk
SRH and each of the perovskite-contact interfaces for the three
hypothetical cells in Figure 4d. The extent of the iV, loss, which is
logarithmically visualized along the y-axis, is calculated by assess-
ing the relative contribution that each non-radiative recombina-
tion process has upon to the total non-radiative component of J,,.
The benefit of this visualization is that relative contributions from
non-limiting contacts can also be clearly resolved, rather than by
simply noting the further minor losses as in Figure 4c. Inspect-
ing the scale of Figure 4d highlights that in all cases, #90% of the
total non-radiative iV, losses is due to the limiting perovskite-C,
interface. Evidently, to further improve the implied open-circuit
voltage of these configurations, some ETL addition or substitu-
tion is required. However, we note that as each of these losses
are derived from the percentage of the total non-radiative re-
combination, reducing, for example, the surface recombination
at the Cy, contact will in turn increase the relative contribution
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Figure 5. a) Schematic of pin stack, with variable HTLs, fabricated in this work. b) Measured light |V curves the devices, using PTAA (red), 2PACz (blue)
and Spiro-OMeTAD (green) as the different hole transport layers. The solid and dashed lines represent the forward and reverse scans, respectively.
c—f) Corresponding )V cell statistics of the tested devices. g) The complete breakdown of the measured open-circuit voltage and the resolved photovoltage
losses for each of the tested device configurations in this work. Resolving each loss highlights the combined detrimental effects of the Cq interface and
recombination issues beyond the transport layers (contact losses), compared to losses due to bulk, Auger and HTL recombination losses.

in other non-radiative loss mechanisms. Therefore, in order to
optimize contacts for full devices, one requires information from
both Figure 4c,d to understand the full picture of the stack.

We highlight that applying an optical assessment like the pro-
cedure described here is already a proven technique to opti-
mize the photovoltage in perovskite solar cells. A notable ex-
ample is shown in the work of Ginger and co-workers, where
(3-aminopropyl)trimethoxysilane (APTMS) was applied as a pas-
sivating layer between the perovskite and the C, interface. The
group measured more than an order of magnitude reduction
in the SRV when the APTMS layer was added compared to the
perovskite/Cy, control, corresponding to a 100 mV improvement
inthe iV, and a 60 mV increase in the measured V,.. The advan-
tage of the prior optical assessment is clearly showcased in this
work, as the characterization ultimately led to a cell efficiency en-
hancement from 15.9% to >18%.17273]

Finally, we compare our open-circuit voltage predictions with
fully fabricated devices. We prepare three different test device
configurations, which are schematically shown in Figure 5a. As
with our hypothetical devices, we only vary the HTL in each of
the tested cells. The corresponding light JV curves for each of the
three devices are shown in Figure 5b, with device statistics pre-
sented in Figure 5¢c—f. Notably, the open-circuit voltages extracted
from the JV curves are significantly lower than the implied open-
circuit voltages as calculated above. The differences in the median
V,. with the iV for the 2PACz-, PTAA- and Spiro-based devices
are 267, 106, and 829 mV, respectively. With the exception of the
PTAA-based device, V. losses from factors that we have not yet
accounted for are substantially higher than losses simply from
non-radiative recombination in and at the interface of the per-
ovskite film (Figure 5g). The poor device performances and JV
parameters justify the argument that analyzing the device statis-
tics alone may result in the erroneous conclusion that the low J.
combined with lower than anticipated V,, may be a consequence
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of high recombination at the perovskite-contact interface, or in-
deed due to high recombination rates within the bulk of the film.
As we have shown with the long t,,;, and high PLQY, it is not the
bulk quality that is influencing the device performance, nor the
interfaces that can account for such extensive losses. Therefore,
some additional loss mechanisms are occurring beyond the pho-
toactive layer. The device resistances extracted from the JV curves
and from fitting the curves to the ideal diode equation notably
show detrimentally low shunt resistances in both the 2PACz-
based and Spiro-based cells (Ry, ,psc, #2.5 KQem?, Ry, 5, ~0.3
KQcm?), while all devices suffer losses due to high series resis-
tances (R, ypac, X6 Qcm?, R pry, #12 Qcm?, R g, #5.5 Qcm?).
We further explore the loss mechanisms based on the extracted
resistances, and discuss optimization strategies in the Support-
ing Information. Notably, we find that the device performances
are likely due to poor carrier mobilities in the transport layers.

5. Conclusion

In summary, we have shown that simple thickness-dependent ef-
fective lifetime measurements of perovskite half-stacks can re-
solve the total SRH recombination losses, within the perovskite
bulk and at both interfaces. We have drawn upon established sil-
icon assessment methods to quantify the resolved SRH recombi-
nation processes in terms of 7,,;, and SRV, experimentally deter-
mined the SRVs of 18 different contacts and confirmed our find-
ings with supplemental PLQY characterization. Extending this
analytical framework to full perovskite stacks relevant for photo-
voltaics, we find that C,, while still possibly the most popular
ETL in perovskite photovoltaics, accounts for #90% of the total
non-radiative losses within the photoactive layer in typical device
configurations. We present how the SRH parameters can be com-
bined and converted to obtain an upper limit to the open-circuit
voltage for effectively any device configuration. Despite the high
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SRV of Cy,, we show that archetypal devices containing common
HTLs such as 2PACz and PTAA can in principle achieve implied
open-circuit voltages beyond 1.15 V. We furthermore highlight
that solving for the iV, using the common recombination pa-
rameter ], enables one to neatly resolve and visualize not only
each SRH recombination process, but also the influence of Auger
at relevant injection levels. We emphasize that using this frame-
work in addition to fabricating full devices can lead to a much
stronger insight into device losses. We have evidently shown that
even with a high quality perovskite film (t,,;, = 2 ps) and rea-
sonable perovskite interfaces, efficiencies of full devices can re-
main low due to detrimental processes beyond the photoactive
layer. In our case, we note that the predominant losses likely arise
from poor mobilities in the transport layers, or indeed simply a
poor connection to the electrodes and external circuit. With the
framework proposed, device optimization can be easily directed
to the relevant limiting processes that may have been otherwise
overlooked.
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