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a fast, non-destructive, camera-based method to capture optical bandgap images of
perovskite solar cells (PSCs) with micron-scale spatial resolution. This imaging technique utilizes well-
defined and relatively symmetrical band-to-band luminescence spectra emitted from perovskite
ma:iials, whose spectral peak locations coincide with absorption thresholds and thus represent their

aps. We employ the technique to capture relative variations in optical bandgaps across
s, and to resolve optical bandgap inhomogeneity within the same device due to material
degtadationfand impurities. Degradation and impurities were found to both cause optical bandgap shifts

e aterials. Our results are confirmed with micro-photoluminescence spectroscopy scans. The
exc¢ eement between the two techniques opens opportunities for this imaging concept to
bed@me a quantified, high spatial resolution, large-area characterization tool of PSCs. This

continues to strengthen the high value of luminescence imaging for the research and

of this photovoltaic technology.

This is the manuscript accepted for publication and has undergone full peer review but has not
been th copyediting, typesetting, pagination and proofreading process, which may lead to
differences be this version and the Version of Record. Please cite this article as doi:

10.1002/aenm.201802790.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/aenm.201802790
https://doi.org/10.1002/aenm.201802790
https://doi.org/10.1002/aenm.201802790
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.201802790&domain=pdf&date_stamp=2018-12-14

WILEY-VCH

1. Introduction

PerformM’ganic-inorganic metal halide perovskite solar cells (PSCs) has dramatically
improved @ past decade. Following the first PSCs reported in 2009 with a photon-to-
eIectriciti/ gower conversion efficiency of ~4% [1], optimization of material compositions and device
structures Mted their efficiency to more than 23 % [2]. This new technology has attracted
significant@ from researchers and is regarded as one of the most promising candidates for

the next-geaeratien photovoltaics (PV).

As one of t undamental and critical parameters of perovskite materials, the bandgap energy
f

can affect their optical and electrical properties. A common optical-based approach to

estimate &dgaps of direct-gap semiconductors are to employ absorption spectroscopy. In this

approach, ures absorption spectra of materials and obtains absorption thresholds from
Tauc plots [3]. Tauc analysis provides a consistent way to compare among materials. However,
as mentionEGreen et al. [4], these thresholds represent optical bandgaps, not electronic
bandga uc analysis underestimates the presence of excitonic transitions and broadening

factors such as temperatures, defect densities and material disorders [4,5]. Alternatively, one can

capture the so-called band-to-band luminescence spectra from materials, which are results of

radiative r ation between free electrons and holes in the conduction and valence bands,
respective ak wavelengths (or energies) of the luminescence spectra have been reported to
be close tq,the absorption thresholds at room temperature by numerous authors [6-10] (also see

Figure Sl,jng Information). Thus, the two optical methods can be used to estimate the

material o

<

dgap although they often underestimate the true electronic bandgap. However,
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both of these approaches measure the spatially-average optical bandgap over a certain area.
Therefore, capturing spatially-resolved optical bandgaps of the entire sample area requires point-by-
point map!n in both X and Y directions, and thus it is time consuming and impractical for large-

area devic high-throughput production-line environments.
I I

In PV rese manufacturing, luminescence imaging, including both electroluminescence (EL)

1

and photolimines@ence (PL), is a mainstream characterization tool for crystalline silicon solar cells

C

[11-17]. Thigc a-based method can provide fast diagnostics of PV materials and devices with

S

micron-scalé®Spd#fal resolution. Recently, luminescence imaging has increased in significance for

perovskite deviceMand material characterization. Many works have extracted various device

B

parameter such as correlations between luminescence intensities and open-circuit voltages

I

[18-20], sp ributions of nonradiative recombination centers [21,22], series resistances from

EL images [23] lateral inhomogeneities on each sub-cell in monolithic perovskite-silicon tandem

d

structu also a powerful tool for monitoring long-term performance and stability of PSCs

[25-27]. Gi a wide range of applications, EL and PL-based imaging could soon become

\Y

dominant characterization techniques for this promising PV technology due to the rapid progress to

E

scale up PS€s for commercialization purposes [28-30]. Therefore, any more capability added into a

standard i ol, without sacrificing its advantages, is highly desirable.

€

Current EL ng tools typically capture an aggregate luminescence signal from an entire device

N

{

and disregard the gich information contained in its spectra. Hyperspectral imaging is an alternative
approach mpromises between luminescence imaging and spectroscopy. The technique

utilizes on

U

| dimension of a camera chip (X or Y) as a physical dimension on the sample

A
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surface (X or Y), and the other physical dimension of the chip as a spectral dimension to provide a
luminescence spectrum for each pixel on a sample [31-34]. Thus, one, in principle, can extract an
optical Mage, which is an image of peak locations of band-to-band luminescence spectra,
from the s hyperspectral imaging tools. However, to image the whole device, one has to

scan the-ci—ﬁera or a sample stage) along one direction of the device. Thus, it requires a much

longer measurement time than a standard imaging tool. For example, with a 1024x1024 pixel

C

camera chi spectral imaging would require 1024 images to have the same spatial resolution

as standard lufinin@scence imaging, as one physical dimension of the chip needs to be sacrificed to

S

resolve th | information. Another disadvantage of the hyperspectral imaging technique is

U

that, the t s to incorporate a spectrograph and a scanning stage and thus it is much more

complex th@n a standard imaging system.

[

In this wor elop a camera-based method to image the optical bandgap of an entire PSC with

d

high s ion in a fast and non-destructive manner. First, we explain the underlying

principle of nique. After that, we demonstrate it on various PSCs (negligible hysteresis). The

M

newly-developed technique enables us to resolve variations in optical bandgaps across various

devices an&gtical bandgap non-uniformities of the perovskite film within the same device due to

cell degra nd impurities. Our results are confirmed with micro-photoluminescence

spectroscopy (H-PLS) measurements, a well-accepted method to quantify optical bandgaps of direct-

Aut
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2. Met on

{

P

First, we e nderlying physics of our imaging concept. Highly-efficient metal halide PSCs

|| . . . .
have beengreported to yield relatively symmetrical band-to-band luminescence spectra at room

[

temperatureg wihout any sub-bandgap signal [24,34,38-40]. In order to verify this, we capture

G

luminescen ra from various perovskite films with different compositions and plot them in

Figure 1. We /@bsérve that these spectra can be reasonably fitted with Gaussian distributions in

5

which the ation (Ag) and full-width at half-maximum (FWHM) are two fitting parameters.

U

These pea ons (Ag) match the absorption edges from Tauc plots (Figure S1, Supporting

InformatioQ). Also, the PL spectral shapes are not significantly affected by the glass substrates, in

9

particular locations (Figure S2, Supporting Information). Thus, they can be considered as

d

the optical ban s of perovskite materials. We see that A,for the multiple cation perovskite film is

at a shorter ngth (or higher photon energy), consistent with increased transparency to short-

'

wavele desired for tandem applications [37]. In addition, the functional form of the

emission spectra (i.e. approximately Gaussian) does not change depending on the peak wavelength

[

of emission. Instead, the spectra are distinguished by the A, and FWHM fit parameters, a fact we will

exploit to & @ e optical bandgap from the intensity of spectrally-filtered intensity images.

Auth
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(a) MAPbDI, (b) FAg gsMA, 15Pbl; 56Brg 45 (c) Csp o7Rbg 03F Ag 765MAG 135Pb15 5581 45
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Figure 1: PL spe f various perovskite films with different compositions and corresponding Gaussian fits. (a)

S

MAPDI;. (b) 3 0.15Pbl, 55Brgas. () Csgo7Rbo.03FAG765MA.135Pbl5 55Brpss. MA = methylammonium, FA =

formamidinium.

U

In lumines@énce images, emitted photons pass through various optical components before reaching

N

a detector tected intensity in each pixel is a wavelength-dependent integration of the

&

product o ted spectrum and optical responses of system components located along the

pathwa en a sample and the detector. Generally, we have the following relationship between

the det ntensity / and the emitted spectrum from each pixel on the sample:

I=AX| sussian(,lo, FWHM) X Rget(X) X TopjectiveN) X Trirers(A)dA  (Equation 1),

where A is sity scaling factor, R, is the spectral response of the detector, Topjective is the
transmissi se of the objective lens used to image the sample, and Ty, is the combined
transmi se of all optical filters. The latter three parameters (Ruer, Tojective, Titers) are all
wavelengt ent and their values can be determined for a certain imaging system. In addition,
A typically alibrated in order to convert the luminescence intensity into an absolute photon
number.
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With three different optical filters, two intensity ratios:

I 1 with optical filter 1 . I 4 with optical filter 1
L ptical / and Ratio 2 = - ptical /

I , with optical filter 2 I 3 with optical filter 3

L

iol=

will be fix
||

scaling factér (A) is also cancelled out. Thus, we can simulate these two ratios for a range of {A,

n imaging system with a certain combination of {A,, FWHM]}. The intensity

P

FWHM} an@ présstore the data. They serve as a look-up table to extract peak wavelengths

(considered to be optical bandgaps) of perovskite materials by experimentally capturing three

5G

intensity | ce images using the three optical filters.

U

We note t aussian fitting procedure does not necessarily describe all physical properties

which confifibute to luminescence signals. A luminescence spectrum is a complex combination of

f

many phys nomena inside materials and devices such as surface morphologies, device

a

structures, Wma disorders and densities of states, to name a few [41,42]. The main purpose of

this tec s to quickly extract peak locations of band-to-band luminescence spectra, and thus

optical aps of the material.

M

In fact, th aging concept mentioned above can be generalized for other semiconductor materials

{

and device act various spectral parameters, given that no defect luminescence is present. A

O

band-to-ba nescence spectrum emitted from a semiconductor can be described in the form of

I(A) =4 (uq,uy, ..., uy) where {uy, u,.., uy} are N unknowns and f is an arbitrary function

q

operatow the spectral shape. Equation 1 can then be generalized into:

I = fl()\) :) X Tobjective ) x Tfilters A)da (Equation 2).
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Therefore, it is possible to extract all unknowns {u;, u...., uy} from the intensity / with enough
equations. In this way, it is analogous to solving N unknowns using N equations. A simple way to
achieve th! i capture luminescence intensity images with various optical filters having different

transmissi

3. Results

3.1. Bandg s of various PSCs

SCIr

Figure 2 shoWs example of two simulated luminescence intensity ratios with three different

optical filters. Figuke 2a is the ratio between 750-nm long-pass (LP) and 775-nm LP filters, and Figure

J

2b is bet -nm LP and 775-nm short-pass (SP) filters. One very important point in these

n

figures is t atios are much more sensitive to peak wavelengths A, than to FWHMs. With a

fixed FWH

d

tios vary significantly with various A (illustrated by a vertical dash line in Figure
2b). Ho . a fixed Ay, various FWHMSs may give the same ratio (illustrated by a horizontal

dash linei b). This is due to the symmetrical shape of the Gaussian distribution and valid for

VA

a variety of filter combinations (see Figure S3, Supporting Information).

Author
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(a) 750nm LP /775nm LP  |ntensity ratio (b) 750nm LP / 775nm SP Intensity ratio
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Figure 2: Siw of luminescence intensity ratios with various combinations of {A,, FWHM}. (a) 750-nm

long-pass filter dividéd by 775-nm long-pass filter. (b) 750-nm long-pass filter divided by 775-nm short-pass

Gl

filter.

N

Figure 3 sh ical bandgap images obtained from our method for various PSCs. Figure 3a and

3b are res

d

o cells in the same batch whereas Figure 3c are for various cells from various

all batches, the same fabrication processes, conditions, transport layers, and
ixtures were used (see Experimental Details). Figure 3a.1 and 3b.1 are EL intensity
images whereas Figure 3a.2 and 3b.2 are extracted optical bandgap images. We can observe various

spots with; EL intensities in the solar cells (dark areas in Figure 3a.1 and 3b.1). The optical

bandgaps spots are also shifted (Figure 3a.2 and 3b.2). They could be impurities
incorporat img the solution preparation or unreacted Pbl, causing I-rich regions [43,44]. In
order tre results, we use a P-PLS system to perform X-Y mapping of the luminescence
spectra across the regions indicated by the dashed lines in Figure 3a.2 and 3b.2 (see Experimental

Details). This u- echnique provides an entire spectrum for every pixel in the X-Y map, allowing an

extracti%ﬁcal bandgap map (i.e. peak position of the spectrum) with micron-scale spatial

This article is protected by copyright. All rights reserved.
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resolution. The optical bandgap maps (Figure 3a.3 and 3b.3) match with the optical bandgap images

(Figure 3a.2 and 3b.2) very well, confirming the optical bandgap shifts of the observed spots. A clear

t

¥

advantage of our method, as shown here, is how it can reveal that the optical bandgap between
ostensibly SC compositions and structures can vary significantly. In the examples of
Figure !:, e see that the optical bandgap shifts from approximately 1.63 eV to 1.57 eV. Many

authors have demonstrated that small changes in the precursor composition and preparation

conditions

Gl

lar ratios, deposition methods, and annealing) can all have dramatic impacts on

the propentiesiof the perovskite films, as well as the performance and stability of cells made from

$

the films [t herefore, the observed optical bandgap shifts, possibly due to unintentional

U

process in ncies, could potentially affect the device performance significantly. Although

equivalentYnformation can be obtained from a localized luminescence spectrum measurement, our

q

imaging-b oach can verify that the optical bandgap is uniformly different across the entire

d

cell. The corfesp@Ading |-PLS optical bandgap maps are given in Supporting Information, Figure S4.

By compar localized measurement may be misled by a localized region of optical bandgap

i

variatio in Figure 3a. Therefore, it is clear that beyond inhomogeneity in morphology, the
composition variation is a significant factor to consider to further improve the reproducibility of

PSCs.

Author
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(a.1) EL intensity image (b-1) EL intensity image (c) Optical bandgap images of
i . PSCs from various batches
EL intensity
3x10*
2x10*
%104
0 Peak (nm)
(b.2) Optical bandgap image 800
790
780
Peak (nm) 770
800
760
790
770 i 740
760
750
740
500 microns
[ =
(a.3) u-PLS optical bandgap map (b.3) u-PLS opt\cal bandgap map

Figure 3: (ah intensity images of two PSCs in the same batch. (a.2, b.2) Extracted optical bandgap

images fro @ tensity images. (a.3, b.3) Optical bandgap maps extracted from p-PLS scans, confirming

0

the results fro e EL-imaging method. (c) Optical bandgap images for PSCs from various batches, from the

top to the bgttom: ~1.63 eV (760 nm), ~1.61 eV (770 nm), ~1.60 eV (775 nm), and ~1.58 eV (785 nm). The

n

intende sition mixture is Csg 07Rbg 03FAG 765MAg 135Pbl; 55Brg 45.

{

U

Next, we r technique to investigate the implications of PSC instability on the optical

bandgap suring a PSC degraded after a long period of storage in a nitrogen environment

A
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without humidity control (>2 months). Figure 4a and 4b show EL intensity and extracted optical
bandgap images of this solar cell, respectively. As can be clearly seen, the edge region is severely
degrade#eperovskite optical bandgap energy decreases around the cell edges. The bandgap
non-unifor irmed by the p-PLS map in Figure 4c. A combination of two images (Figure 4a
and 4b)-allm relate the material optical bandgaps to EL intensities, as shown in Figure 4d. The
degraded signal is strongly correlated with the optical bandgap shift. However, this optical bandgap
shift is notDuntil the cell is severely degraded (more than one order of magnitude reduction

in EL intengtig§). Phis storage-induced optical bandgap shift is consistent with a recent report [48]

$

where the also observed a red-shift in PL spectra after they had stored their samples in a

U

humidity-c d environment for several weeks. They attributed the shift to the incorporation of

H,O molecllles in the crystal lattice [48].

[

In this analysi do not aim to investigate the physical and chemical origins of the localized
regions and degradation, nor how to overcome them. Here, our primary purpose is to

demonstra gh value of our newly-developed technique to quickly capture the variation in the

W

optical bandgap, one of the most important parameters of the entire PSC, with very high spatial

resolution

1

a standard luminescence imaging tool. A key concern, however, when considering

degraded g iform regions of the cell is whether the luminescence spectra still maintain their

quasi-Gaussia ape, which is necessary to ensure an accurate extraction of Ay using our method.

Using u@ements, we confirmed that the localized regions of degradation in Figure 3a, 3b
and 4 SM Gaussian-like distributions, with no change in the quality-of-fit of the Gaussian

function (see Figui S5, Supporting Information). Furthermore, we also did not find any evidence of

<
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sub-bandgap luminescence at room temperature. Thus, our method to extract their optical

bandgaps is still applicable.

{

Our methg @ so provide information on the mechanisms of degradation taking place under

variousgonditions temperature, voltage, light, storage, etc.) across a broad type of samples, from

|

large-area cell precursors. For example, the optical bandgap variation should relate to a

change infimateri@l composition. However, in Figure 4d, the EL intensity reduction does not

CF

necessarily gor e to the optical bandgap variation unless the sample is severely degraded. As EL

S

emission ¢ e®strongly affected by the current injection (and extraction) efficiency, the initial

degradation suggeBSts that the interface between the perovskite layer and the transport layer and/or

U

the transp themselves are likely to be degraded before the absorber during the storage.

I

Therefore, g both luminescence intensity and optical bandgap images could be useful for

the study at h degradation happens (e.g. in the absorber or at interfacial layers).

d

Author M
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(a) EL intensity image (b) Optical bandgap extracted from EL image
EL intensity (a.u.) Peak (nm)
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1000 10000
EL intensity 730
(d) Peak location vs EL intensity (c) Optical bandgap map from u-PLS scans

Figure 42ity image of a degraded perovskite solar cell. (b) Extracted optical bandgap image from

the EL intensity image. (c) Optical bandgap map extracted from p-PLS scans, confirming the results from the

I

EL-imaging ®{d) Peak locations (i.e. optical bandgaps) versus EL intensities.

9

3.2. Impact S

h

In this . ve used a specific selection of short- and long-pass filters. The position of the

£

transmissioh band edge of these filters was motivated by the sensitivity of our optical bandgap

U

imaging t i to the transmission spectra of the filters. In particular, the fraction of the

transmitt rum that made up of the tail-ends of the emitted luminescence spectrum was

A
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found to have a significant impact on the accuracy of the optical bandgap energy. As can be seen
across all spectra in Figure 1 and 5, the two tails of each spectrum are poorly fit by the Gaussian
function#egions of Figure 5). In particular, the long-wavelength tail (i.e. low-energy) is
always mu han the Gaussian fit. As mentioned above, a Gaussian function is a relatively

simple wa! 0 present a spectrum and underestimates various complex phenomena inside the

material. Th he filter is not appropriately chosen, the detected spectral part can be dominated
by the tails to a significant error in our results.
5 ——— 100 5 ; ‘ . 100
@ . L --== < N b
\ (b)
1o=T71nm |‘ AN
4 PHM=4dnm Left 1| 80 : PL spectrum v S \\ T80
R?=0.995 PL spectrum 4 Gaussian fit | ' 4
Gaussian fit o ' N g
~3F 160 @ ! 160 @
o Right: 3 : =
= —— 750nm LP & | ¢
oot - - -775nm P a9 J | <
2 - oT7omLP H40 Z _\ 40 2
X - X
under estimated under estimated -
T region 120 1+ ) region 420
jt‘ ;' ,”‘
0 x 7 I L 0 0 A B ;’.I 0
700 750 800 850 700 750 800 850

Wavelength (nm) Wavelength (nm)

—

Figure 5: lllustration of impacts of filter choices on the accuracy of our technique. The transmissivity curves of

our Iong-pahrt-pass filters are plotted on the right axis.

In order ter the possible extent of the error from improper filter selection, we illustrate the

calculated Sptical bandgap energy using two combinations of three filters, as required by our

method. IqgFigureg5a we plot the transmission spectra of 750-nm LP and 775-nm LP filters. The
shaded re e long-tail of the emission spectra, which represents the total error of the fit,

represent 2% ~3% of the total integrated signal detected through these filters. In Figure 5b, we

<
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plot the transmission spectra of two possible choices for the third filter. In the first case, we use a
suitable 775-nm SP filter, for which the total error of the detected signal is ~2%. However, if we were
to choome LP filter, the under estimated region of our fit would represent roughly 50% of
the trans To illustrate the impact of this high-error choice of filter, Figure 6a and 6b
present!hiwbandgap images for the 775-nm SP filter, and the 800-nm LP filter, respectively.
The image with the 800-nm LP filter (Figure 6b) shows both an unrealistic variation in, and a large

error in the e magnitude of, the optical bandgap across the sample. Our p-PLS results confirm

that the owmgap is uniform (~775 nm) and matches with the image in Figure 6a. The key

practical i: of this demonstration is that the expected optical bandgap of the material

should inf choice of suitable LP and SP filters. For unknown samples, one needs to use

establishez!techniques such as absorption or luminescence spectroscopy to estimate the average

optical ba t. Indeed, these requirements are the major drawbacks of our technique. In our
study, one filte Iways either a LP or SP filter having a cut-off wavelength far from the expected
optical ban he other two filters are a LP and a SP filter having cut-off wavelengths around the
expect i ndgap. As the FWHMs of perovskite luminescence spectra are ~44 nm (~90 meV),

the combination of the three filters should allow resolving optical bandgap variations of £22 nm (45

meV) within !He expected value, in principle.

e
r—

-
<

This article is protected by copyright. All rights reserved.

16



WILEY-VCH

i

(a) 750LP_775LP_775SP (b) 750LP_775LP_800LP

Peak (nm) Peak (nm)
790 800
! 780 750
770
I 700
760
L 750 650
740 600

Figure 6: of extracted optical bandgap images from EL intensity images with various filter

SC

combinations.

U

4. Discussion

N

A critical assumption in the preceding analysis is that the intensity of the luminescence emission is

unchangedfhet each luminescence image captured with the optical filters. This is because the

intensit e three (or more) images are the key parameter in determining the position of

the lum e spectra peak, Aq. It is, of course, well understood that perovskites can be

M

inherently unstable materials, subject to reversable or irreversible changes (e.g. through ion

]

migration al degradation). In the experimental configuration applied in this work, the filters

were ma apped, which introduced a delay of at least 10 seconds between each

measureme a reversible change in luminescence emission (i.e. via ion migration) would

introdu t error to the calculations. Therefore, it was essential that we determined that

h

{

the cell d a sufficiently stable operating point before the measurements were taken.

AU
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The PSCs measured here had very low current-voltage hysteresis when measured using a continuous

forward to reverse to forward sweep at 50 mV/s following an open-circuit pre-bias of 30 s. (see

{

D

Figure S6, orting Information). However, despite low current-voltage hysteresis the
photolumi ission intensity under open-circuit (Figure 7b) took approximately 20s to

stabilize— IS Indicates that the excess carrier density reduces with time following illumination,

[

possibly the Lesult of ion migration influencing recombination rates within the device [49-51]. The PL
spectra me uring stabilization and beyond (Figure 7a) show no change in peak position (Ao =
773 nm). TRis ifdid@tes that the presumed ion migration has no meaningful impact on the location of

the optical , or consequently the perovskite composition.

In addition use either EL or PL imaging to extract optical bandgap images, as both PL and EL

emission s ill be equivalent [34] (Figure S7, Supporting Information). PL imaging has the

advantage\ef contactless, and can be applied to uncontacted perovskite films, or for example

dllUsC

films e with a poly(methyl methacrylate) (PMMA) layer which is known to prevent the

film degra 0,52,53]. EL imaging, on the other hand, requires electrical contact to inject

M

charge carriers into the perovskite layer. We note however, that for the cells investigated, the

3

injected ¢ nt also changes over time, indicating a change in recombination rates or series

resistance @ contact delamination [25]) during measurements (Figure 7c). However, for our

purposes, EL Tmaging provided a direct gauge of the cell stability by allowing us to monitor the
injecte er timety, and the optical bandgap measurement was performed once the

injecte stabilized, as indicated in Figure 7c.

Auth
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The need for cell stabilization clearly increases the measurement time. However, in industrial
applications, a three-camera configuration can capture each image simultaneously, rendering the
transienh of the cell irrelevant to the measurement accuracy. This assumes that the
luminesce itself is unchanged during stabilization, which we have verified for the cells
investiggte ere, as shown in Figure 7a. Furthermore, increases in cell efficiency and reductions in

J-V hysteresjs haye been correlated with improved stabilization rates [40,54], and we can expect that

as PSC per improves, so too will the stabilization speeds.
( (a) PL spectra vs time (b) PL peak and intensity vs time
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Figure 7: E!Iution of PL spectra (a) and (b) spectral peak positions and intensities versus time. (c) Solar cell

current veris time," lustrating when EL measurements were performed.
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5. Conclusion

We havw a fast, non-destructive, camera-based luminescence method to capture optical
bandgap i @ perovskite solar cells with high spatial resolution. This new technique utilizes
well- deflned and relatively symmetrical band-to-band luminescence spectra emitted from perovskite
materials, Mectral peak locations represent their optical bandgaps. We have applied the
technique @e optical bandgap variations across various hysteresis-free perovskite solar cells,
and optica p non-uniformities within the same device due to material degradation and
impurities. 7 we have verified our results with micro-photoluminescence spectroscopy scans.
The agreement beiveen the two techniques open exciting opportunities for this imaging concept to

be a quangh spatially resolved, large-area characterization tool of perovskite materials and

devices. T be significant for the study of various degradation mechanisms, morphology

homogene@eproducibility improvements, or process monitoring on large-area cells and

precurs
ails

~
Bare perovskite film preparation: MAPbI; precursor solution contains 1 M equimolar of

6. Expe

methylammonium iodide (MAI) and Pbl, in the mixture of N,N-Dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO) (7/3, v/v). The solution was spin-coated on the substrate at 5000 rpm,
and chlorobenzene was dropped on the substrate for fast crystallization 10 s after the spin coating
commenced. The  substrate was then annealed at 100 °C for 10  mins.
FA, gsMA 15Pbl; 55Brg 45 precursor solution contains 1.2 M Pbl,, 1.1 M formamidinium iodide (FAl), 0.2

M lead bromide (PbBr,), and 0.2 M methylamine bromide (MABr), in 1 mL anhydrous DMF: DMSO

N
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(8:2, v/v). Quadruple-cation perovskite precursor solution (Csgo7Rbg3FAg765MAg 135Pbl5 55Brg.45)
contains 1.2 M Pbl,, 1.1 M FAI, 0.2 M PbBr,, 0.2 M MABr, 0.091 M Csl, and 0.039 M Rbl in 1 mL
anhydrous DMF: DMSO (8:2, v/v). The deposition process for each perovskite is the same using two-
step spin coating program: first at 2000 rpm with a ramp of 400 rpm s for 10 s, and then at 4000
rpm with a ramp of 1000 rpm s for 25 s. During the second step, ~100 pl chlorobenzene was poured
on the spinning substrates 5 s prior to the end of the program. Substrates were then annealed at

100 °C for 30 mins.

Perovskite device fabrication: First, ~70 nm In-TiO, compact layers and ~100 nm mesoporous TiO,
(30 NRD, Dyesol) layers were sequentially deposited on the pre-cleaned FTO (7Q/0, Dyesol)
substrates according to Ref. [54]. Second, for the ultra-thin PMMA:PCBM [54] passivation layer
deposition, 30 uL PMMA:PCBM precursor solution was dropped on the top of the FTO/c-In-TiO,/m-
TiO, substrates and separately deposited by spin-coating at 5000 rpm with a ramp of 5000 rpm s™
for 30 s, then annealed at 100 °C for 10 min. Then, Csoo7Rbo 03FA¢ 765MAg 135Pbl; 55Bro.s [40] thin film
was deposited by a two-step spin coating program: first at 2000 rpm with a ramp of 200 rpm s for
10 s, and then at 4000 rpm with a ramp of 1000 rpm s™ for 20 s. During the second step, around 100
pl Chlorobenzene was poured on the spinning substrates 5 s prior to the end of the program.
Substrates were then annealed at 100 °C for 45 min. Then, Spiro-OMeTAD thin film was deposited
via spin coating at 3000 rpm with a ramp of 3000 rpm s™ for 30 s. Finally, ~100 nm gold was
deposited through a shadow mask (cell’s effective area, 0.16 cm?). Note that all depositions were

conducted in a nitrogen-filled glovebox.

—
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Micro-photoluminescence spectroscopy (1-PLS): The p-PLS system employed in this study was a
Horiba LabRAM system equipped with confocal optics, a silicon charge-couple-device (CCD)
detector,wiHutomatic X-Y mapping stage. The excitation source was a diode-pumped solid-
state (DPS ser. The excitation light was focused into the sample surface using a 50x
objectivg Iima numerical aperture of 0.55. The on-sample illumination spot size was ~1 micron

and the onﬁpower was kept constant at ~20 microwatts. The spectral response of the entire

system wa ined with a calibrated halogen-tungsten light source. All measurements were

performedfin dnitf®gen gas environment.

EIectrquminesce;e imaging: The solar cells were biased with a supplied voltage of 1.2 V and the
current wgred with a Metrohm Autolab PGSTAT128N potentiostat. Images were captured
i struments Pixis 1024 camera with a Peltier-cooled (-70 °C) silicon CCD detector.

using a Pri

The pixel fés is 14.6 £ 0.1 um. The cells were kept in a nitrogen gas chamber during the
measur| nsmission responses of all optical filters and objective lenses involved in the
measurem e measured using a Perkin EImer spectrophotometer.
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Short Summary for
Imaging spatial variations of optical bandgaps in perovskite solar cells
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We develo non-destructive, camera-based method to capture optical bandgap images of

perovs r cells with micron-scale spatial resolution. This technique allows us to probe relative
variatio tical bandgaps across various solar cells, and to resolve bandgap inhomogeneity
within the same device due to material degradation and impurities. The results are independently

confirmed r optical-based techniques.
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