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Spectroscopic Analysis for the Identification of Loss
Mechanisms in Back-Contact Perovskite Solar Cells

Hongyu Sun, Sarah Gillespie, Susan A. Rigter, Julia S. van der Burgt, Kunal Datta,

and Erik C. Garnett™

Back-contact perovskite solar cells offer a significant potential to reach high
efficiency due to reduced parasitic absorption from the top surface. However,
the currently reported efficiencies are considerably lower (<10%) than planar
perovskite solar cells (>20%). Herein, back-contact perovskite solar cells are
fabricated to study loss mechanisms that cause low device efficiency. This
work spatially resolves the short-circuit current, open-circuit voltage,
photoluminescence quantum yield, carrier lifetime, and external quantum
efficiency of the devices. The results indicate that the front surface
recombination, increased nonradiative recombination at hole contact
layer/perovskite interface, and the extraction barriers are three main
mechanisms limiting devices from achieving high efficiencies.

1. Introduction

The world record cell efficiency in crystalline silicon photovoltaics
(PV) currently stands at 26.7%, just ~2.1% lower than the maxi-
mum achievable power conversion efficiency (PCE) when realis-
tic losses such as Auger and light trapping are considered.!'"3!
The record performance in silicon PV is mainly attributed to
the complete interdigitated back-contact (IBC) heterojunction
design.!* In the back-contact (BC) configuration, both the anode
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and the cathode are located at the rear
of the photoabsorber layer, rendering the
front-facing surface available for antire-
flection coatings and transparent passi-
vating layers to be deposited.[!] Further-
more, these layers can be deposited with-
out the constraint of requiring electri-
cal conductivity. The strongest advantage
of the BC cell is that parasitic absorp-
tion and reflection associated with the top
electrode in the planar counterpart are
nearly eliminated, while the front surface
can be completely passivated. These im-
provements have been shown to increase
the absolute short-circuit current density
(Jsc) by more than 3.6% in silicon PV.>7]

While IBC Si cells are commercially available, back-contact
configurations in emerging, efficient PV such as III-V,
CdTe, CIGS, and perovskite devices have been relatively
less explored.®1? The key difference between silicon and
such emerging technologies is the nature of the absorber
layer. For silicon, which has an indirect bandgap, the minor-
ity carrier-diffusion length (L;) is on the order of 100-1000
pm.[2%211 In comparison, organic-inorganic perovskite mate-
rials, which are the primary focus of this paper, demonstrate
L, on the order of 1-10 um.[22%5] Consequently, advanced pro-
cessing such as photolithography is necessary to achieve the
required scale and positioning of the back contacts for efficient
carrier extraction. There are few reports implementing BC
configurations in perovskite solar cells, exploiting various BC
architectures such as quasi-interdigitated back-contact, honey-
comb like structures, and micron-sized V-shaped grooves.[1*1°]
Such works have reported device efficiencies between 3.2%
and 10.5%.

An advantage in studying BC structures in novel PV technolo-
gies is that the exposed front surface allows us to optically and
electrically probe interfaces between the contacts and absorber
material. In turn, these spatially resolved scans yield insights
into the carrier generation, recombination, and transport mech-
anisms, thereby enabling us to identify and mitigate remaining
loss pathways—for both the BC cell and the corresponding pla-
nar configuration.®?!

Here, we develop a BC solar cell based on our previously
proposed theoretical design.?®! In this architecture, the Ni an-
ode, NiO,, hole transport layer (HTL) and Al, O, dielectric spacer
are fabricated in a square grid array with a pitch of 12 um and
linewidth of 4 pm. The grid is fabricated on top of a planar
SnO, electron transport layer (ETL), with the perovskite layer
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Figure 1. a) Schematic of the back-contact perovskite solar cell configuration considered in this work. A full conformal layer of SnO, is deposited on the
FTO/glass substrate. The Ni@NiO, /Al,O; (anode@HTL/spacer) grid is patterned on top of the substrate. A 300 nm Al,O; spacer layer separates the
SnO, and NiO, layers. The triple cation perovskite is coated on top of both contacts. b) Top-view scanning electron micrograph (SEM) of the device after
perovskite deposition. Shaded areas indicate that the topography of the perovskite layer follows the grid pattern beneath the film. c) SEM cross-section

of the device.

deposited on top of both contacts. We report a PCE of 4.83% for
a 4 mm? cell, using a triple cation perovskite active layer with a
nominal composition of Cs;(FA;sMA,)0oPb(I,5Br,,);. More-
over, we investigate the device performance limitations by spa-
tially resolving the optical and electrical characteristics using a
home-built integrating sphere microscopy setup combined with
a piezoelectric stage, as described in our previous works.[?”-28] We
map the local photogenerated current and open-circuit voltage
(Voe), absorption, external quantum yield (EQE), photolumines-
cence quantum yield (PLQY), and lifetime, across the device sur-
face and use this data to identify loss mechanisms and propose
potential points for improvement.

2. Device Structure

The fabricated BC perovskite device considered in this study is
schematically depicted in Figure 1a. Generally, for IBC cells, pho-
tolithographic alignment is required to position the different car-
rier selective contacts across the device.?3% As only one con-
tact is patterned in our device, photolithographic alignment is
not necessary which significantly simplifies the fabrication pro-
cedure compared to the conventional IBC cell.

The full fabrication procedure of the device is outlined in de-
tail in Figure S1 in the Supporting Information. Briefly, 60 nm
of SnO, is grown on a cleaned FTO glass substrate by chemi-
cal bath deposition. The chemical bath growth method has been
shown to form conformal, pinhole-free coverage of SnO,, result-
ing in higher performing devices compared to spin-coated SnO,
layers.[313%) Potassium iodide is spin-coated on the SnO, to pas-
sivate the surface, followed by an anneal at 100 °C for 10 min in
air.[*0)

To fabricate the grid contact, a photoresist adhesion layer (hex-
amethyldisilazane) and a negative photoresist (Ma-N 1410) are
sequentially deposited on the substrate. The grid pattern is de-
veloped through a mask by UV lithography. The grid consists
of a 12 um pitch with a linewidth of 4 um (Figure 1b). Follow-
ing the development of the pattern in the resist, 500 nm thick
grids consisting of 300 nm of an Al,O; spacer and 200 nm of
Ni are sequentially deposited on the sample by e-beam evapora-
tion. The thickness of grids is optimized to 500nm by compar-
ing efficiencies using a sample set with 420, 460, and 500 nm
thick grids. The result is summarized in Figure S2 (Support-
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ing Information). The sample is kept overnight in N-methyl-2-
pyrrolidone to lift off the remaining photoresist and the unde-
sired metal. The samples are then UV ozone treated for 45 min
to form an oxide seed layer and annealed at 300 °C for 1 h un-
der ambient air. The anneal yields the desired core-shell Ni-
NiO, structure, where the Ni and NiO, function as the anode
and the hole transport layer, respectively.'! Finally, a solution of
Csy1(FAGsMA,)0.0Pb(Iy¢Bry,); is spin-coated on top of the sam-
ple in a N, atmosphere and annealed at 100 °C for 1 h.3334 The
details of the perovskite film preparation are described in the Sup-
porting Information. The thickness of the perovskite on the SnO,
surface is measured to be 418 nm by a profilometer (Figure S3,
Supporting Information). The cross-sectional SEM in Figure 1c
indicates that the perovskite film is not planarized across the sur-
face; rather, it follows the topography of the underlying grid. The
top surface of the device is intentionally not capped so that de-
vice properties can be analyzed without considering parasitic ab-
sorption. However, high efficiency BC solar cells generally em-
ploy a passivating layer and antireflective coating on top of the
photoabsorber to minimize front surface recombination velocity,
increase photoabsorption and enhance the overall efficiency of
the device.[*!]

3. Results

3.1. Photovoltaic Cell Performance

The photocurrent density—voltage (J-V) scan was measured at 1
Sun under standard AM1.5G,

1000 W m~2, 25 °C test conditions. The forward (0 V — V)
and reverse (Vo — 0 V) J-V sweeps are shown in Figure 2a. The
Voc =0.77 V, Jsc = 14.4 mA cm™2, and fill factor (FF) = 0.38 for
the forward sweep, and Vo = 0.79 V, Jic = 12.5 mA cm ™2, and
FF = 0.49 for the reverse sweep. These parameters correspond to
respective device efficiencies of 4.26% and 4.83%. To identify loss
pathways resulting in the low PCE in this device, we measured
the spatially resolved electrical characteristics using focused laser
scanning microscopy, which enables photocurrent and photovolt-
age generated from the laser scanning to be mapped. More in-
formation is provided in the Supporting Information of this pa-
per. Figure 2b depicts the local current generated from a focused
720 nm laser when scanned across a 30 X 30 um? area of the cell.
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Figure 2. a) Forward and reverse J-V sweeps measured over a 1mm? cell area under 1 Sun standard test conditions b) 2D map of locally generated
photocurrent 720 nm laser excitation scanned across the device. The color scale (right) indicates the absolute photocurrent generated at the film above
the different contacts, with the SnO, ETL opening exhibiting higher currents than the Ni@NiO, HTL/anode grid. c) Average line scan of the generated
current measured within the red box highlighted in (b), with the different contact layer regions labeled.

The local current generated on the perovskite located above the
Ni@NiO,, grid is #17.6% (300 nA) lower than the local current
generated above the planar SnO, /FTO substrate. The V. gener-
ated upon laser excitation was also mapped. Similar patterns are
observed, as shown in Figure S4 (Supporting Information). Fur-
ther resolving the photocurrent variation between the contacts,
Figure 2c plots the average line scan of the photocurrent high-
lighted in Figure 2b.

3.2. Optical Scanning Microscopy

To further investigate the mechanisms behind the observed spa-
tial variations in photocurrent and photovoltage over the device,
we measured key optical properties of the device, namely the ab-

sorptance, PLQY and PL lifetime. We measure the steady-state
optical properties with an integrating sphere microscopy set up,
coupled to a supercontinuum laser and a piezoelectric stage.!?:%%]
Figure 3a shows the measured absorptance of the device, scanned
with a 650 nm laser over a 24 X 24 ym? area. On average, 70%
of the incident light is absorbed by the perovskite layer located
directly above the SnO, /FTO/glass substrate. The fraction of ab-
sorbed light increases to 79% in the region above the Ni@NiO,,
grid. As the perovskite layer was measured to be 418 nm thick
above the SnO, and 411 nm thick above the grid (Figure S2, Sup-
porting Information), the enhanced absorption is not a result of
layer thickness. Rather, we attribute the increase to the metallic
Ni anode in the grid acting as a back reflector of light. However,
despite the higher absorption, we observe the opposite behavior
in photocurrent generation (Figure 2b). Given the relatively flat
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Figure 3. a) Absorptance map across a 24 um x 24 um device area. The absorption is enhanced at measured regions of where the perovskite film is
located above the Ni@NiO, grid, compared to regions of above the SnO,. b) Spatially resolved PLQY across the same 24 pm x 24 um device area.
c) The average PL lifetime mapped across the area using FLIM with TCSPC. d) The fitting of differential lifetime on the two contact regions (Ni@NiO,
grid and SnO,) over a larger (80 um x 80 um) area that includes the map in panel ¢ (for complete area lifetime map see Figure S5 in the Supporting

Information).
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photocurrent profile on the NiO, and that the highest photocur-
rent is observed in the center of the SnO, regions (Figure 2b,c),
we discount carrier diffusion as the dominant factor in this spa-
tial modulation (photocurrent would then be expected to peak at
the electrode grid edge). Instead, our results point to a higher car-
rier recombination rate above the Ni@NiO,, grid compared to the
SnO,/FTO contact.

Further examining the optical properties, the PLQY mea-
sured across the device under 650nm laser excitation is shown
in Figure 3b. The PLQY deviates significantly between the
SnO, /FTO opening and directly above the Ni@NiO,, grid which
show the PLQY of 13% and 5% on average, respectively. This is
consistent with the higher nonradiative recombination rate above
the HTL regions compared to the ETL regions.

From the PLQY-Vy. relation: Vocim, = Vocra +
VinermIn(PLQY), where Vi, is the implied Voo, Vipern is
the thermal voltage = 25.7 mV at 25 °C and V.4 is the V¢
at the radiative 1imit.3638] The actual V. from the device
assuming perfect carrier extraction should be 1.12V based on
the relation shown above. However, considering the measured
Voc of 0.79V, a big loss exists in our device which indicates a
Voc loss from an extraction barrier at the contact.

To test this hypothesis, we conduct spatially resolved PL life-
time measurements under a 485 nm pulsed laser excitation us-
ing time correlated single photon counting microscopy (TCSPC).
The average PL lifetime—calculated at each pixel using fluores-
cence lifetime imaging microscopy (FLIM)—is mapped in Figure
3c[®). The complete 80 ym x 80 um scan and the separated
complete average lifetime histograms are included in Figure S5
(Supporting Information). The calculations deriving the average
PL lifetime are included in the Supporting Information Section
6.The transient PL decay curves for each of the separated NiO,
and SnO, contact regions are plotted in Figure S5b (Supporting
Information). A high order fitting procedure was applied to these
curves and the differential lifetime

dln(o,)\ "
Tdiffz_<%%> 1)

is calculated at every time point for the separated contact regions
and is shown in Figure 3d*?l. From the definition of the differen-
tial lifetime, the plateaus of each of the two curves at low carrier
density (that is, at longer times, i.e., after 1077 s) are the effective
nonradiative recombination lifetimes. This was found to be Tyq,,
=58 ns for T, o, = 71 ns. Extended details on the differential life-
time definition and decay curve fitting procedure, in addition to
the differences in the differential lifetime and the average PL life-
time are provided in the Supporting Information.

The 22% longer lifetime on SnO, suggests a higher rate of
nonradiative recombination on the HTL as compared to the
ETL. Assuming that the bulk nonradiative lifetime of the per-
ovskite is the same across both contact regions, it is therefore
likely that this difference arises from higher interfacial carrier
recombination at the NiO,, interface, compared to the SnO, in-
terface.
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3.3. EQE Line Scan

Figure 4 shows EQE measurement results for SnO, and
Ni@NiO, device regions. The EQE was obtained by measuring
the photocurrent of the device and varying the incident laser
wavelength across the visible range (4 = 480-780 nm). As part
of the measurement, white bias light is mixed with the chopped
laser to help the device reach the injection level expected under
solar illumination. The details of the measurement are described
in Section 4 of the Supporting Information. Considering the en-
ergy barriers of the contacts, there is a marked decrease in abso-
lute EQE over all wavelengths when the laser is scanned over the
HTL grid (Figure 4b). At 4., = 700 nm, there is a 17% drop in EQE
over the HTL grid compared to the ETL substrate (Figure 4c). No-
tably, we observed a trend of decreasing EQE from longer wave-
length 700 nm to shorter wavelength 480 nm. Additionally, the
difference between EQE on two contacts becomes smaller to-
ward shorter wavelengths. A current scanning map at 410 nm is
performed as a supplement to this observation (Figure S4, Sup-
porting Information). The map shows a lower current value than
at 710 nm and spatially uniform photocurrent and photovoltage
maps.

A
Jsc=-4/ EQE (4) ¢ (4)da @)

The measured EQE can be integrated over wavelength to cal-
culate the expected short-circuit current density by the standard
relation (Equation (1)), where @ is the spectral photon flux.1¢
By integrating the EQE, we obtain the Ji. value of 10.17 mA
cm~? which is about 20% lower than the Jq. extracted from the
J-V curve (Figure 2). This difference is partially explained by
the smaller range over which we can measure the EQE (only to
480 nm due to laser bandwidth restrictions) and partially from
the difficulty in satisfying the condition of the chopped laser be-
ing a small perturbation on the light bias while also having suf-
ficient signal. Nevertheless, the general trend of lower EQE at
shorter wavelengths was present for different light bias values
(see Figure S6 in the Supporting Information).

4, Discussion

Combining the results shown above, the loss mechanisms of
back-contact perovskite solar cells can be described as the follows.
First, we see that the front surface recombination plays a signifi-
cantrole. Due to the lack of a top contact, carriers generated in the
perovskite film have to diffuse through the entire layer to reach
the back contacts. For shorter wavelengths, the carriers are gener-
ated close to the top surface where surface recombination domi-
nates the loss because of the unpassivated top surface. For longer
wavelengths, the carriers are generated closer to the back contacts
on average, which minimizes the need for vertical diffusion. This
hypothesis is supported by the EQE, which shows an increasing
EQE value from shorter wavelengths to longer wavelengths ev-
erywhere on the device (Figure 4a,b).

Increased nonradiative recombination rates at the
HTL/perovskite interface compared to the ETL/perovskite
provides a second major loss mechanism. This is supported

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. a) The external quantum efficiency obtained from a spectral sweep of 4., = 480-780 nm. b) Single EQE scans measured across the SnO, ETL

region (blue) and Ni@NiO, (red). These scans are labeled in (a).

by the lower PLQY and PL lifetime as well as lower EQE over
the HTL regions (Figures 3b-d and 4a,b). The ETL regions
have lower nonradiative recombination rates than both the
air/perovskite and the HTL/perovskite interfaces. This can be
seen from Figure 4b: when carriers are generated closer to the
ETL interface (longer wavelengths), EQE almost doubles, while
carriers generated closer to the HTL interface only lead to slight
EQE enhancements. This effect can be seen even more clearly by
comparing the photocurrent map at 720 nm (Figure 2b)—which
shows dramatic spatial variations—to that at 410 nm (Figure S4,
Supporting Information), which is homogeneous. At short
wavelengths where absorption happens near the surface, surface
recombination dominates, while at longer wavelengths the
difference in recombination rates at the ETL and HTL interfaces
become relevant.

Carrier extraction is the third major loss mechanism. This
is clear from the very high device PLQY—approaching that of
record GaAs solar cells—combined with the low V¢, Jsc, and
FF values. If nonradiative recombination at the contacts, surface
or in the perovskite were the main loss mechanism limiting ef-
ficiency, it would not be possible to measure such high PLQY
values. The absorption measurements also confirm that enough
light is collected to reach much higher efficiencies. Measure-
ments of leakage current through the dielectric showed noth-
ing above the noise floor (approximately 5 pA, as shown in
Figure S7 in the Supporting Information). Altogether this sug-
gests that the primary problem is a very large extraction bar-
rier at either the ETL, HTL, or both. Given that the SnO, has
been used extensively for high efficiency perovskite solar cells,
we postulate that this barrier is primarily caused by the HTL.
The substantial light bias dependence of the EQE (Figure S6,
Supporting Information) is consistent with an extraction barrier
caused by poor Fermi level alignment or insufficient HTL dop-
ing. In addition, an s-shaped JV curve is observed when scan-
ning the sample over a larger voltage range (Figure S8, Support-
ing Information). This further confirms the carrier extraction
barrier.

Given the three loss mechanisms described above we can sug-
gest three concrete steps to improve performance in back-contact
perovskite solar cells. First, a top surface passivation layer is re-
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quired to improve the blue response of the cells. The reduced
surface recombination will also boost the V.. If chosen cor-
rectly, this layer can serve a dual function as an antireflection (AR)
coating and encapsulation layer. Silicon oxide and aluminum ox-
ide have been shown to provide excellent passivation and im-
proved stability, but SiO, is likely preferable due to its nearly
ideal refractive index for an AR coating. Second, the NiO, HTL
needs to be replaced or modified to reduce the interfacial re-
combination rate and especially lower the extraction barrier. Cur-
rently thermal oxidation is used to form the NiO, HTL, but elec-
trodeposition might be a more suitable technique since it can
provide much more flexibility in the HTL material choice, in-
cluding the use of dopants to tune the Fermi level and carrier
density.

5. Conclusion

In this paper, we have fabricated grid-shaped back-contact per-
ovskite solar cells with SnO, as ETL and NiO, as HTL and mea-
sured their electrical and optical properties with micron-scale
spatial resolution. The combination of absorption, photocurrent,
photovoltage, EQE, PLQY, and PL lifetime mapping provides
a powerful suite of characterization tools to gain insights into
the loss mechanisms and develop a path forward for improved
device efficiency. Our results suggest the ultimate efficiency of
back-contact perovskite devices can approach record efficiency
GaAs solar cells since the PLQY of the devices, which is an in-
dication of the maximum achievable V,, is already approach-
ing the highest value ever recorded for operating solar cells.
Moving forward the biggest improvement will come from re-
placing or modifying the NiO, HTL, which currently shows a
large extraction barrier and substantial interface recombination.
Higher efficiency, particularly from improved blue response, can
also be reached by passivating the surface with a transparent
dielectric that can serve a triple function as AR coating and
encapsulation layer for improved stability. These results sug-
gest the back-contact perovskite solar cell geometry is promising
for reaching the ultimate device efficiency and deserves further
study.
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