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We have developed quantitative and spatially resolved imaging techniques to
identify the origin of nonradiative-radiative recombination and carrier transport
losses in perovskite solar cells, offering potential for future real-time tracking of the
lab-scaled devices and fast assessment of screening the large-area modules. By
dual-chloride passivation strategy, the resulting 25.49 cm? perovskite solar
module achieves a certified power conversion efficiency of 17.88%.

Ren et al., Joule 4, 1263-1277
June 17, 2020 © 2020 Elsevier Inc.
https://doi.org/10.1016/j.joule.2020.04.013



mailto:hao.xia0808@scu.edu.cn
mailto:dewei.zhao@scu.edu.cn
https://doi.org/10.1016/j.joule.2020.04.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2020.04.013&domain=pdf

Joule

¢? CellPress

Efficient Perovskite Solar Modules with Minimized

Nonradiative Recombination
and Local Carrier Transport Losses

Aobo Ren,"?> Huagui Lai,"* Xia Hao,"* Zeguo Tang,® Hao Xu,* Bernice Mae F. Yu Jeco,*
Kentaroh Watanabe,” Lili Wu,! Jingquan Zhang,' Masakazu Sugiyama,* Jiang Wu,”

and Dewei Zhao!:6:*

SUMMARY

Perovskite solar cells (PSCs) have seen rapid advance in power con-
version efficiencies (PCEs). However, the state-of-the-art PSCs still
suffer from inhomogeneously distributed nonradiative recombina-
tion and carrier transport losses. Here, we report a promising
evaluation strategy of combining the generalized optoelectronic
reciprocity theorems and camera-based luminescence imaging
techniques for PSCs. Excess lead chloride compositional engineer-
ing increases homogeneity and suppresses nonradiative recombina-
tion, leading to an external luminescence efficiency of 1.14% of de-
vices (corresponding to a nonradiative voltage loss of 0.116 V). A
favorable local and global carrier extraction property at maximum
power point is also observed under moderate illumination level.
As a result, we achieve a 25.49 cm? perovskite solar module with a
17.88%-certified efficiency and a record fill factor over 78%. This
quantitative and spatially resolved characterization is applicable at
specific operating points, offering enormous potential for future
real-time tracking of the lab-scaled devices and fast assessment of
screening the large-area modules.

INTRODUCTION

Perovskite solar cells (PSCs) have recently attracted great attention due to their po-
wer conversion efficiency (PCE) rapidly exceeding 25%," in which the perovskite
absorber has a typical ABX3 structure, where A (methylammonium [MA] =
CH3NH;* and formamidinium [FA] = CH3(NH,),"), B (Pb%*, Sn?*, and Ge?*), and X
(I7, Br~, and CI7) are organic cations, divalent metals, and anions, respec‘cively.z’9
Most of high-performance PSCs adopt a mixture of triple cations including FA,
MA, and cesium (Cs)."° Although triple-cation Cs/FA/MA has been proved to pro-
mote uniform perovskite films with better thermal stability and less phase impurities,
the device performance is still far from the expected.

Generally, Shockley-Queisser (SQ) limit predicts the highest theoretical efficiency for
single-junction solar cells, on the assumption that the recombination of electron-
hole pairs is only radiative."" In a real solar cell, losses take place due to the nonra-
diative recombination and ineffective carrier transport.'> The former reduces the
non-equilibrium carrier concentrations in both energy bands, leading to reduction
in the quasi-Fermi levels splitting and the maximum open-circuit voltage
(Voc)."*"* The latter denotes the losses during the aggregation of junction carriers
into the terminals. Specifically, the Voc of triple-cation PSCs is generally limited to
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Context & Scale

Power conversion efficiencies of
perovskite solar cells (PSCs) have
been rapidly boosted in the past
decade. However, the state-of-
the-art PSCs are still suffering from
inhomogeneously distributed
nonradiative recombination and
carrier transport losses.
Eliminating nonradiative
recombination and carrier
transport losses plays significant
roles in achieving high-
performance devices. Previous
studies evaluating the passivation
effect and dynamics in PSCs have
mostly focused on the localized
characterizations and analyses.
Thus, it is highly desired to
develop the spatially resolved
techniques for understanding the
in-depth loss mechanisms in
PSCs. Here, we have extensively
investigated the effects of dual-
chloride passivation on
suppressing nonradiative
recombination and improving
local carrier transportin PSCs. As a
result, we have achieved a

25.49 cm? perovskite solar
module with a 17.88%-certified
efficiency and a record fill factor
over 78%.
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~1.1V,">"" indicating a large V¢ deficit of 0.5V for a PSC having a moderate band
gap (Eg = 1.6 V), where Vo deficit = Ej/q — Voc (g is the elementary charge). The
relatively large Voc deficit of PSCs is indicative of high nonradiative recombination
losses. To realize efficient PSCs, high-quality perovskite films with low density of de-
fects are required. Various methods, such as compositional engineering,18 interfa-
cial engineering,'” and surface passivation,® have been utilized to reduce the bulk
and interface defects. Thus, a wide range of additives, such as metal halide salts,*°
organic halide salts,”’ inorganic acids,”” and nanoparticles,23 are beneficial for as-
sisting homogeneous nucleation or regulating crystallization kinetics.”* Cl-con-
tained additives have shown remarkable passivation effects,® including MA chloride
(MACI),” FA chloride (FACI),”® and cesium chloride (CsCl).”’

However, previous studies evaluating the passivation effect and dynamics in PSCs have
been mostly evidenced by comparing steady-state photoluminescence (PL) quenching
or time-resolved PL (TRPL) decays,?®* " which are the most widely utilized techniques to
study the carrier lifetimes in PSCs.*” While, these techniques only focusing on a localized
position may not be considered suitable for the large-area analysis. As an alternative,
luminescence imaging allows us to obtain various material and device properties in a
large-scale of micrometers, such as local series resistance,”>** diffusion |eng’ch,35'36
and localized shunts.*’*® Compared with the time-consuming scanning techniques,
the camera-based imaging system can collect a series of luminescence images in sec-
onds, benefiting the rapid assessment of large-scale PSCs. This fast, high-resolution,

and non-destructive technique has been widely applied in silicon®**’

and gallium arse-
nide (GaAs)*” solar cells in the recent years, whereas in only a few studies on PSCs mainly
focusing on the local series resistance calculation®” and interfacial delamination identi-
fication.*" Thus, it is highly desired to develop such advanced luminescence imaging
technique to understand the in-depth optoelectronic properties of PSCs, especially

those in large area.

Herein, we propose an evaluation strategy of detailing analysis on nonradiative
recombination and carrier transport losses in PSCs by combining the optoelectronic
reciprocity theorems with spatially resolved imaging technique. We investigate the
luminescence-derived internal voltage distributions, external luminescence effi-
ciencies, and carrier transport efficiency maps in compositionally engineered PSCs
via PbCl,. Upon the passivation of dual-chloride, the spatial homogeneity and film
quality in a large scale are significantly enhanced. The cell shows a 1.14%external
luminescence efficiency (only ~0.116 V nonradiative voltage loss) and a favorable
carrier extraction property under moderate illumination level. As a result, a
17.88%-certified perovskite solar module (25.49 cm?) with a record fill factor (FF:
~78.6%) is obtained. Our work offers a clear picture on identifying the nonradiative
recombination and carrier transport losses, suggesting a feasible approach to quan-
titatively and spatially probe the large-area PSCs.

RESULTS AND DISCUSSION

Localized Behaviors of Perovskite Films

The control perovskite absorbers are (CsPbls)g.0s((FAPbI3)1«(MAPbBr3),)o.95. Pres-
ence of mono-Cl in precursor benefits the passivation effects and device perfor-
mance.’®?”*? \We use a 2.5% (molar ratio) PbCl, as an excess additive into MACI-
incorporated precursor. The scanning electron microscope (SEM) images (Figure S1)
of both control film and dual-chloride passivated film show good morphology with
large grains, pinhole-free, and compact surface. The X-ray photoelectron spectros-
copy (XPS) results (Figure S2) suggest no obvious increase of Cl element in the
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Figure 1. Localized Behaviors of Perovskite Film after Dual-Chloride Passivation

(A and B) High-resolution p-PL imaging (200 x 200 umz) on (A) control and (B) PbCl,-passivated
perovskite films (scale bar, 25 um).

(C and D) The (C) PL and (D) Raman spectra of both films recorded on the same localized areas in
corresponding p-PL images.

(E) The TRPL of perovskite/transport layer exhibit a bi-exponential decay, reflecting the fast charge
extraction and the trap-assisted interfacial recombination. The TRPL transients demonstrate a
remarkable lifetime prolongation from 148 to 646 ns after PbCl, passivation.

(F) The XRD patterns of control and PbCl,-passivated perovskite films. The positions of the XRD
peaks are marked with different symbols in the graphs. Note that the 3-FAPbl; yellow phase
(triangle) can be only observed in the control sample, whereas the PbCl,-passivated sample shows
stronger Pbl, phase (circle).

perovskite film with the incorporation of PbCl,. As claimed previously, it is difficult to
introduce Cl into perovskite films, since it can be easily released from the film as
MACI vapor during the annealing.**~** In fact, Cl acts as an intermediate to control

the perovskite formation processes via intramolecular exchange.*¢*’

We carried out high-resolution p-PLimaging (200 x 200 um?) on two different perovskite
films with the structure of fluorine-doped tin oxide (FTO)/SnO,/perovskite. The higher
PL emission behavior can be noted in p-PL image and the extracted PL spectrum for
PbCl,-passivated sample (Figures 1A-1C). Moreover, both films with underneath
SnO; exhibit the similar bi-exponential TRPL decay (Figure 1E). Specifically, the fast-
initial decay (insert fitting in Figure 1E) is attributed to the rapid interface charge extrac-
tion in a few nanoseconds, and the second decay takes rather long timescales due to
bulk and interface recombination. However, in this case, the fast initial decay is nondom-
inant and can be neglected unless the transport layer completely depletes the diffusion
carrier of the perovskite absorber,*? and the carrier lifetime of the film is thereby
described by the mono-exponential second decay, which indicates the ubiquity of
trap-assisted recombination. As demonstrated by Tress*® and Calado,*” the Shockley-
Read-Hall (SRH) recombination through charge trap states at bulk and interface is domi-
nantin PSCs represented by the equation of# = 7,1: + T!m + -+, where 74 is the effective
charge carrier lifetime, ,.4 is the radiative recombination lifetime, and 7sgy is the SRH
recombination lifetime. The TRPL decays demonstrate a remarkable carrier lifetime
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prolongation from 148 to 646 ns, implying that the amount of nonradiative recombina-
tion loss is largely reduced upon passivation. Additionally, the Raman spectra taken on
the same localized areas in p-PL images are displayed in Figure 1D. Both perovskite films
~1, associated to the librations of hybrid
organic-inorganic systems.”>>" The ~72 cm™' band is the bending and stretching

mode of I-Pb—I bonds.”*? A weak band centered near 103 cm™' can be assigned as

show various bands between 40 and 150 cm

the Raman mode of 8-FAPbl;, followed by a blueshifted mode at ~135 cm™" corre-
sponding to vibrational signature of a-FAPbl; phase.”® Note that the PbCl,-passivated
sample reflects an evident increase in a-phase and a slight suppression in 8-phase. Fig-
ure 1F presents X-ray diffraction (XRD) patterns of the above samples. The diffraction
peak at 11.6° representing 8-FAPbl3, appears in the control film and however vanishes
in the film with PbCl,. This result verifies that the PbCl, can effectively suppress the for-
mation of the undesired 3-FAPbI; yellow phase that is non-photoactive. On one hand, Cl
facilitates the interaction between organic cations and halide anions, resulting in lower
degree of lattice distortions and shifting the density of holes and electrons away from
the charge trapping states.”>>* On the other hand, the lead-rich precursor readily forms
adequate Pbl; phase (12.6° in Figure 1F), benefiting both crystallization and morphology

of the perovskite films.>>>°

Internal Voltage Distribution and Nonradiative Recombination Losses

To further clarify the local and global influence of dual-chloride passivation on devices,
we employ a direct approach to quantify the additional nonradiative recombination los-
ses. Our PSCs have a structure of FTO/SnO; (25 nm)/perovskite (500 nm)/Spiro-OMe-
TAD (200 nm)/Au (200 nm), as shown in Figures 2A and 2B. As shown in Figure S3, the
camera-based luminescence imaging systems are used to characterize the PbCl,-passiv-
ated device compared with the control sample. Based on Rau's optoelectronic reci-
procity relation'* (details in the Experimental Procedures), a generalized application
form to derive local internal voltage Vi(r) by the original luminescence images (Figures
S4 and S5) is briefly deduced in Supplemental Experimental Procedures. The derived in-
ternal voltage maps of the control and the PbCl,-passivated samples exhibit large differ-
ence in distributed features and scales of the local V;, as shown in Figures 2C and 2D. The
former shows a noticeable spatial inhomogeneity in the internal voltage map and its
correlated electroluminescence (EL) image (Figure S4). More specifically, a number of
relatively bright and dark localized regions appear to be clustered in the internal voltage
map. Similar features have also been observed in previous luminescence imaging ana-
lyses of planar PSCs.***” These localized inhomogeneous regions, on the order of 10—
100 micrometers, would act as potential sources of degradation within the perovskite
absorber layer, hence, further deteriorate the Voc and FF of the device.® In contrast,
the internal voltage map of the PbCl,-passivated device is almost featureless exhibiting
moderate fluctuation of internal voltages, in good agreement with the results of EL im-
ages (Figure S5).

We then analyze the local value of the V; maps, which can provide statistical verifica-
tions of the homogeneity and thus further validate the effect of PbCl, passivation.
Figure 2E shows the statistical distribution of the local internal voltage of these
two devices. The statistical median values of V; for the control and PbCl,-passivated
devices are ~1.098 and 1.143 V, respectively. For the control sample, large fluctua-
tions of the internal voltage values are obtained with a full width at half maximum
(FWHM) of 28 mV, while the internal voltage of PbCl,-passivated sample reveals
an intensive distribution yielding a narrower FWHM of 8 mV. Therefore, the relatively
larger average V; and smaller FWHM of the passivated sample are strong evidences
of substantially suppressed nonradiative recombination and improved homogenei-
ty.”® This is also consistent with the significant lifetime recovery of perovskite film
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Figure 2. Derived Internal Voltage Distributions, External Luminescence Efficiencies, and Corresponding Nonradiative Recombination Losses

(A) Schematic device geometry and architecture.

(B) Cross-section SEM of a completed cell device.

(C) Internal voltage map of the control device (scale bar, 0.1 mm), which shows a noticeable spatial inhomogeneity.

(D) Internal voltage map of the PbCl,-passivated devices (scale bar, 0.1 mm), which shows a moderate fluctuation and higher local internal voltage.
(E) Statistical distributions of local internal voltage counted from the V; maps of these two devices. The statistical median values of V; for the control and
PbCl,-passivated devices are =1.098 and 1.143 V, respectively. The insert dashed delineation denotes the selected area.

(F) The ngy of control and PbCl,-passivated devices as a function of the equivalent injection ratio. At 1-sun equivalent injection current density, the
control and PbCl,-passivated devices achieve the experimentally observed n,,; of 0.167% and 1.140%, respectively.

(G) The stacked bar chart of Vo, Vg’cd, Vg%, and E4 for the control and PbCl,-passivated devices.

upon dual passivation. We simultaneously extract the V; of a selected region in con-
trol sample (insert dashed delineation in Figure 3E). This defective region occupies a
large fraction of floor level V; within the sample, which tends to be forward biased by
their surrounding areas and drains the current from the entire cell.

Energy losses due to the material absorbance, the non-step-function-like quantum effi-
ciency (leading to radiative recombination below SQ gap), and nonradiative
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Figure 3. Local and Global Carrier Transport Performance of the Devices under Various Bias and lllumination Level

(A and B) Current transport efficiency fr images of (A) control and (B) PbCl,-passivated devices derived from the luminescence images collected at V=
Vivme with an increment of 0.01 V under 1-sun equivalent illumination (scale bar, 0.1 mm).

(C) Globally averaged fr values of control and PbCl,-passivated devices as a function of the applied voltage determined via a series of luminescence
images.

(D) Global fr values of two devices at each specific MPPs by tuning the illumination intensity from 0.1 to 2.6 suns.

(Eand F) The carrier transport efficiency maps of (E) control and (F) PbCl,-passivated devices under various equivalent concentration ratio. Note that the
local fr's of both devices show a downtrend as the equivalent concentration ratio raises, which is attributed to the local series resistance.

recombination, are the primary origins of the Voc losses.’” Basically, the nonradiative
recombination process reduces the steady-state charge density through the recombina-
tion channel, and thus lowers the quasi-Fermi level splitting and ultimately decreases the
Voc of a solar cell. The quantitative relation between Vo and nonradiative loss is closely
connected by the external luminescence efficiency 1e,,”” expressed via

Voc = V&3 — k—TIn (L) (Equation 1)
q Next
where Vg’g is the radiative limit to the Voc. As demonstrated in our previous work,é°
we can acquire the 7, as a function of the equivalent injection ratio (Jinj/Jsc.am1.56)
via comparing the integrated EL spectra of samples with that of the reference cell
(Figures S6-S8; Supplemental Experimental Procedures). In Figure 2F, the PbCl,-
passivated device achieves the 7., of 1.14% at 1-sun equivalent injection current
density (Jinj/Jsc,am1.56), which is about one magnitude of order higher than that of
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Table 1. Summary of Key Parameters of Two Devices

Device Ey/q(V) VES(V) Voc (V) Eg/g-Voc (V) e (Exp)’ AVER®P(V)  avgdev)

(%)
Control  1.543 1.264 1.102 0.441 0.167 0.165 0.162
PbCl, 1.541 1.266 1.149 0.392 1.140 0.116 0.117

“Note that the 7, (exp.) is determined under Jin; = Jsc,1-sun-

the control device (0.167%). Substituting these results into Equation 1 yields the
AVIZ4¥P 60,165 and 0.116 V for the control and PbCl,- passivated devices, respec-
tively. The increase in 1.4's for both devices suggests that the nonradiative recom-
bination rate depends less on the carrier concentration as the injection current in-
creases. The radiative recombination, determined by the np product, is
approximately proportional to the square of the carrier concentration in the bulk,
where the excess electron concentration n is close to the hole concentration p. At
a relatively higher injection level, the nonradiative recombination tends to be satu-
rated, which leads to the increase in 7,,. In other words, the increase in 7.,, with the
increase in injection current indicates that the nonradiative recombination can prob-
ably occur via a limited number of recombination centers, such as trap states and

dislocations.*®:¢1

vEd can also be theoretically calculated by changing from a step-function like quan-
tum efficiency (SQ case) to an experimentally measured external quantum efficiency
(EQE) (radiative case)®? (Supplemental Experimental Procedures). As shown in Table
1, the voltage losses due to the nonradiative recombination are in good agreement
with those obtained from two approaches. To offer a more distinct view of Vo losses
in these two devices, the detailed voltage losses are summarized in a stacked bar
chart (Figure 2G). The nonradiative recombination in the PbCl,-passivated device
is significantly suppressed without intentionally widening the band gap of absorber
layer (Figure S9). As a result, we achieve a 30% reduction of nonradiative voltage los-
ses in the passivated sample, which again corroborates the results in Figure 2E.

Bias- and lllumination-Dependent Current Transport Efficiency

Wong and Green®” extended Donolato’s reciprocity relation to a linearized equiva-
lent theorem (details in the Experimental Procedures), where all the local current los-
ses during the collection process within a solar cell are taken into account. This is
defined as the local current transport efficiency fr, given as follows

aly avi(r) ‘
fr(r) = T(r)'a‘”:o :6—\/T|B’L:0 (Equation 2)

where I7 is the terminal current of the cell, I.(r) is the local light-induced current, and
V7 is the terminal voltage. Differentiating the logarithm of Equation 4 and substitut-
ing the result into Equation 2 yields fr(r) = 8ln ®em(r)/0(qVr /kT), which implies that
the spatial and quantitative fr image can be experimentally obtained by comparing
two luminescence images at incrementally different forward biases.

The fr images of two devices (Figures 3A and 3B) are derived from the luminescence
images (Figures S10 and S11) collected near each maximum power point (MPP) with
an increment of 0.01 V under 1-sun equivalent illumination. A number of well-
defined localized defective areas with low transport efficiencies are identified for
control sample, which suggests that the generated local charge carriers are not sub-
stantially extracted to the electrodes. For the passivated sample, the recognizable
spin-coating-like features are not completely eliminated in the fr image while having
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remarkable enhancement in fr values all over the cell compared with that for the con-
trol one. The contrasting fr behavior of two devices possibly results from a notice-
able change in the contact resistance at the perovskite/SnO; interface. To further
validate the luminescence-derived imaging results, light-beam induced current
(LBIC) imaging, as an alternative spatially resolved imaging method,””** is per-
formed in these two devices (Figure S12). The measured LBIC images confirm
poor local carrier extraction and transfer in the control device, especially in the cen-
tral regions. In contrast, the passivated device exhibits an increase in collected local
current by 65% with respect to the control one. The globally averaged fr values of
the two devices are displayed as a function of the applied voltage in Figure 3C.
These values are derived by integrating the total luminescence intensity of the entire
active cell area from a series of luminescence images, as reported previously.**>’
The global fr values of both devices drop quickly over their respective MPPs under
constant illumination with increasing applied terminal voltage. The drastic decrease
is attributed to the decrease in the junction resistance compared with the series
resistance within the cells. Itis also evident that the passivated device shows a higher
global fr (68.5%) at MPP than the control one (45.6%), indicating that the cell-level
current extraction capability of the PbCl,-passivated device is effectively optimized.

By tuning the illumination intensity (equivalent concentration ratio Jsc/Jsc am1.56)
from 0.1 to 2.6 suns, the global fr values of two devices at each specific MPPs are
plotted in Figure 3D. The carrier extraction efficiencies of both devices decrease
dramatically for illuminations as low as 1.4 suns. In case of control device, the inho-
mogeneity of carrier transport is shown to be aggravated with the increase of illumi-
nation intensity (Figure 3E). Basically, the reduction of local fr originates from the
.5 These lateral inhomogeneously distributed
local series resistances result from the bulk resistance of materials, sheet resistance

local series resistance of a solar cel

of charge transport layer, and contact resistance between individual layers. To be
specific, as the illumination intensity increases, the local current flow encounters se-
ries resistance, which enhances the junction voltage and dark current, offsetting a
larger portion of the terminal current consequently. Nevertheless, introduction of
the series resistance is unavoidable during the cell fabrication, even through the
passivation, and the device (Figure 3F) still shows a downtrend of local fr as the
equivalent concentration ratio raises. This behavior indicates a non-negligible car-
rier transport loss of PSCs under high illumination levels, although the V¢ should
continue to increase. As proven above, we note that such a method is validated at
different working points (e.g., various illumination intensity and bias), thus the
charge extraction capability in devices that operate closely to the actual conditions
can be experimentally traced.

Photovoltaic Performance

Figure 4A shows the current density-voltage (J-V) curves for devices (aperture area of
0.188 cm?) under AM1.5G 100 mW-cm~2 illumination. As expected from the map-
ping analysis, the PbCl,-passivated device shows an enhanced PCE of 21.95%
with a higher Voc of 1.149 V (Table S1). For the champion device, the EQE-inte-
grated current density over solar spectrum is 24.09 mA-cm 2, in good agreement
with the short-circuit current density (Jsc) (24.61 mA-cm™2) from the J-V measure-
ment (Figure S13). Significant improvement and reproducibility in both Voc (from
an average of 1.08 to 1.14 V) and efficiencies (an average value from of 20% to
22%) are achieved (Figure S14 and Table S2). Compared with the reference module
(Figure S15), a 25.49 cm? (aperture area) perovskite module with a Voc of 7.51V, a
large short-circuit current of 77.53 mA, and a high PCE of 18.73% was fabricated by
dual-chloride passivation engineering, as shown in Figure 4B. Such optimized
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Figure 4. Device Performance of Cells and Module under Standard Conditions (AM1.5G, 100 mW-cm 2 25°C)

(A) J-V characteristics of the control and PbCl,-passivated cells with an area of 0.188 cm?. The insert photograph is the top view of the PSCs.

(B) J-V characteristics of the champion module optimized by dual-chloride passivation treatments. The insert photograph shows a 25.49 cm? module
including 7 subcells.

(C) Module generates a stabilized PCE of 17.93%, and a current of 71.42 mA at a bias voltage of 6.4 V (near MPP).

module shows a stabilized power output efficiency with a PCE of 17.93% and a cur-
rent of 71.42 mA near MPP (Figure 4C). The efficiency of our best-performing perov-
skite solar module was certified by an independent accredited organization (Na-
tional Photovoltaic Product Quality Supervision & Inspection Center, China). The
certified efficiency is 17.88% and a high FF surpasses 78% (Data S1-S3). To the
best of our knowledge, this value is, thus far, the highest certified PCE and FF for
~25 cm? perovskite solar modules measured with an aperture area. Furthermore,
we examined the long-term stability of the module under shelf storage. The Voc
of the optimized module showed no degradation and the PCE of the module main-
tained nearly ~90% of the initial value after 210 days (more than 5,000 h), exhibiting
a promising shelf stability (Figure S16).

Conclusions

We have demonstrated a facile technique strategy of applying the generalized op-
toelectronic reciprocity relations to identify the localized and lumped origins of non-
radiative recombination and carrier transport losses of PSCs through spatially
resolved imaging technique. We find that nonradiative recombination in PSCs is
significantly suppressed by introducing excess PbCl, additives into the MACl-incor-
porated precursor. Using such tunable (operating-point-dependent) method, the
PbCl,-passivated device shows higher efficient carrier extraction efficiency at
MPP. We achieve reproducible PSCs with an average PCE close to 22% due to sig-
nificant reduction in nonradiative voltage loss from 0.165 to 0.116 V. By this compo-
sitional engineering strategy, a perovskite solar module (25.49 cm?) with a 17.88%-
certified efficiency and a record FF over 78% is produced. Our work bridges the gap
between the localized behavior and cell-level performance, which promises to be a
powerful tool for real-time and fast assessment of PSCs in large-scale modules.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the Lead Contact, Dewei Zhao (dewei_zhao@hotmail.com;
dewei.zhao@scu.edu.cn).

Materials Availability
This study did not generate new unique materials.
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Data and Code Availability
The data presented in this work are available from the corresponding authors upon
reasonable request.

Generalized Optoelectronic Reciprocity Relations

The radiative emission processes are fundamental to the operation of optoelectronic
devices, especially in solar cells and light emitting diodes (LEDs). The correlation be-
tween the luminescence flux ¢ and quasi-Fermi level splitting Au for a photon energy

E at a sample position r is described by the generalized Planck’s law as follows,*

o(E, 1) = /O &(E, )y, (E)dE exp(%) (Equation 3)

where « is the absorptance, ¢, (E) is the black body spectrum, k is the Boltzmann
constant, and T is the absolute temperature. Rau extended Equation 3 to a more
practical form by giving the reciprocity relation between the luminescence emission
®em and EQE(E, ),

B (E, 1) = EQE(E, r)pp(E)exp (q\g’)) (Equation 4)

where kT/qis the thermal voltage. Vj(r) denotes the local internal voltage of the solar
cells when a terminal voltage of V7 is applied. Donolato demonstrated the relation-
ship between the carrier collection efficiency f. and the normalized minority carrier
distribution én(r)/én(j),%®

_on(r)
~on(j)

where n(r) and én(j) denote the excess minority carrier density at coordinate r and

fe(r)

(Equation 5)

the edge of space-charge region. Based on above reciprocity relations, a multiple-
channel system is drawn in Figure S17, which ties together the optical input and elec-
trical output of a solar cell/LED and vice versa. These highly symmetrical relations are
vital to characterize luminescent operation of photovoltaics.

Materials

FTO glass, 7 Q sq~' was purchased from Nippon Sheet Glass Co., Ltd. (Japan). The
tin (IV) oxide (15% in H,O colloidal dispersion) was purchased from Alfa Aesar. Dime-
thylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous,
>99.5%), isopropanol (anhydrous, 99.5%), chlorobenzene (anhydrous, 99.8%),
acetonitrile (anhydrous, 99.8%), 4-tert-Butylpyridine (tBP, 96%), and bis(trifluorome-
thane)sulfonimide lithium salt (Li-TFSI, 99.95%) were purchased from Sigma Aldrich.
FA iodide (FAI, anhydrous, >99.95%), MA bromide (MABr, anhydrous, > 99.95%),
MACI (anhydrous, >99.95%), lead (ll) iodide (Pbl,, > 99.99%), cesium iodide (Csl,
>99.99%), lead (ll) chlorine (PbCl,, >99.99%), and 2,2',7,7'-tetrakis (N,N’-di-p-me-
thoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD, >99.8%) were all pur-
chased from Xi'an Polymer Light Technology Corp., China. Au (99.999%, pellets)
was purchased from Beijing Licheng Innovation Metal Materials Technology Co.,
Ltd., China. All the materials were used as received without post-treatment or further
purification.

Device Fabrication

The pre-patterned FTO substrates (20 x 20 mm?) were first wiped with detergent
and then cleaned by sonication for 15 min in deionized water and ethanol sequen-
tially. After drying under an N, stream, the substrates were cleaned by UV/ozone
treatment (UVOCS Inc.) for 20 min. Then, the substrate was deposited with a
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~25 nm layer of SnO; nanoparticle film by spin coating SnO; precursor (15% SnO,
colloid diluted with deionized water) for 20 s at 4,000 rpm with a ramp rate of
2,000 rpm-s~". Then the substrate was annealed at 180°C for 20 min. The above
steps were carried out in ambient air. Then the substrates were transferred into a
N, glove box. The perovskite films were deposited by a two-step method. A stock
solution of Pbl,:Csl was prepared while the PbCl; was introduced into the precursor
in the form of powder. For the inorganic solution, 1.3 M of Pbl, with 5% (molar ratio)
Csl were first dissolved in mixed DMF and DMSO (volume ratio = 9:1). Then, a certain
volume of the inorganic solution would be transferred into another reagent bottle
and 2.5% mol of PbCl, would be added into it. The obtained solution is the Pbl,:C-
sl:PbCl, precursor and the remaining inorganic solution is the Pbl,:Csl precursor. For
the organic precursor, 60 mg of FAI, 6 mg of MABr, and 6 mg of MAC| were weighed
and dissolved into 1 mLisopropanol directly. The weighing and solution preparation
were done in a Np-filled glove box. The Pbl,:Csl and Pbl,:Csl:PbCl, precursors were
spin coated onto the SnO,-coated substrates at 1,500 rpm for 30 s with a ramp rate
of 1,500 rpm-s~". The resulting films were annealed at 70°C for 1 min. The organic
precursor was then spin coated onto the cooled substrates at 1,700 rpm for 30 s with
aramp rate of 1,700 rpm-s™". The resulting perovskites (~500 nm) were annealed at
150°C for 15 min. 1 mL Spiro-OMeTAD solution (72.3 mg-mL’1 in chlorobenzene)
was prepared with the addition of 18 uL Li-TFSI (520 mg-mL~" in acetonitrile) and
30 pL 4-tert-butylpyridine (tBP). Spiro-OMeTAD solution was spin coated at
3,000 rpm for 30 s with a thickness of ~200 nm. The Au electrode (~200 nm) was
deposited by thermal evaporation under a pressure of 4 X 1073 Pa. The deposition

rate was controlled at 0.02 nm-s™

in the beginning. After 5 nm of Au layer was
deposited, the deposition rate was increased to 0.15 nm-s™' by increasing the evap-
oration power. All the fabrication processes were conducted in a N,-filled glove box

except for the deposition of Au electrode.

Module Fabrication

25.49 cm? perovskite solar modules with 7 subcells monolithic interconnected in se-
ries were fabricated on the FTO glass substrates with a size of 7 x 7 cm?. The laser
ablation process was completed by a scribing system (Wuhan Excel Science & Tech-
nology Co, Ltd., China) with a diode-pumped Q-switched frequency-doubled
532 nm Nd:YAG laser (Advanced Optowave, EST-532-1, USA). The pulse repetition
frequency is 10 KHz and the pulse width is 128 ns. With laser scribing system, the se-
ries-interconnection of the module was realized by P1, P2, and P3 lines.” The P1
lines on FTO substrates were patterned first with an average laser power of 2.5 W.
The following steps were the same as the fabrication of small-area PSCs except
the volume of the precursor. The P2 lines were patterned before Au deposition
with an average laser power of 0.5 W. After the thermal evaporation of Au layer,
the substrates were patterned with P3 lines and the designated area of the modules
were precisely defined by laser scribing with an average laser power of 0.5 W. The
P1, P2, P3 scribe is 50, 150, and 150 pum, respectively. The distance between the
P1-P2 scribes and the P2-P3 scribes are both controlled to be ~150 um. The width
of the interconnection area is about 0.65 mm. The width of a single subcell (including
dead area) is about 7.07 mm. The geometrical FF (GFF) can be calculated as 90.8%.

Film Characterization

The film samples for the following measurements were obtained by spin coating
their corresponding precursor solutions onto FTO/SnO,. High-resolution field emis-
sion SEM images of perovskite films were taken with Hitachi S-4800. The crystal
structure of perovskite films was measured using Panalytical Empyrean XRD with
monochromatized Cu K, radiation. Absorbance data of the perovskite films were
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obtained by Lambda 950 UV-vis spectrophotometer (PerkinElmer Inc.). PL and TRPL
measurements were performed on the perovskite films using FLS980 (Edinburgh
Inc.). PL measurements were conducted using a 532-nm Xeon lamp with a mono-
chromator while TRPL measurements were conducted using a 655-nm pico-second
pulsed laser (EPL-655, 67.1 ps pulse width, 200 pm diameter). Raman spectra were
obtained by using a 532 nm diode laser in continuous wave mode. An avalanche
photodiode (Becker&Hickl GmbH) was used to detect the signals.

Device Characterization

The J-V characteristics were measured using a Keithley 2634B source meter under
the illumination of a solar simulator (ABET technology) at a light intensity of 100
mW-cm~ as checked with calibrated GaAs and silicon reference cells (NREL). The
scanning rate was 100 mV-s™', having a delay time of 100 ms and a voltage step
of 10 mV. A circular aperture with a diameter of 4.9 mm (0.188 cm?)and a rectangular
aperture with a size of 49.5 x 51.5 mm? (25.49 cm?) were used for measuring the cells
and modules. The steady-state PCE of module was measured by setting the bias
voltage to the Viypp and then tracing the current density, where the Vjpp was set
to be the same as the voltage at the MPP of the J-V curve.

Luminescence Imaging

The details of the luminescence imaging setups used in this paper are similar to
those described in our previous publications.?*®* The luminescence was filtered
with a 670-nm long-pass filter and a 950-nm short-pass filter before the images
were recorded. Then, the luminescence images were recorded by a PCO.1300
CCD camera (1,392 X 1,040 pixels) mounted on a microscope in a light-tight enclo-
sure at room temperature (25°C). The illumination is obtained with a coherent 532-
nm laser. A Keithley 2400 Sourcemeter was used as the voltage source, supplying
voltage from 0.8 to 1.5 V at 0.01 V steps and 500 ms exposure time. All images
were corrected for any short-circuit background noise. The schematic of the lumines-
cence imaging setups is shown in Figure S3.

pn-PL Mapping

The p-PL mapping measurements were carried out at room temperature with a
confocal laser scanning microscope using a 635-nm diode laser (Scientex OPG-
3300) for excitation. The spot size of the laser is ~2 pm. The mapping area was
200 x 200 pm? with a step of 8 pm in both x and y directions.

LBIC Imaging

The perovskite devices were measured using a modulated 450-nm laser (peak po-
wer = 104.6 uW), same as the one used in previous publications on characterizing
moderate and wide-band-gap solar cell absorbers.®® Here, the laser spot size is
50 um, the switching frequency of the laser is 2,000 Hz and has a duty cycle of
50%, therefore having a pulse width of 250 ps. This laser scans the sample stage
along the x axis using a Galvano scanner which was operated at a scanning frequency
of 2 Hz and along the y axis by mechanical stage translation.

External Luminescence Efficiency

The EL spectra were measured by a Princeton Instruments Acton SP2300 spectrom-
eter. The wavelengths of the Princeton spectrometer were calibrated using a super-
continuum laser. To calibrate the sensitivity of the optical system, we used an Ocean-
Optics HL-3P lamp, which gives the absolute value of wavelengths (350-1,100 nm)
and intensities. A CC-3 cosine adaptor slot that couples to fibers and spectrometers
was used to collect signal from 180° field of view. In order to eliminate the
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contribution of lower wavelengths, a 670-nm long-pass filter was used to cut need-
less wavelengths. The details of the experimental setups and methods can be seenin
Figures S6-S8 and Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2020.04.013.
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