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Efficient Micrometer Thick Bifacial Perovskite Solar Cells

Nathan Rodkey, Kassio P. S. Zanoni, Manuel Piot, Chris Dreessen, Roos Grote,
Perrine Carroy, Javier Enrique Sebastian Alonso, Abhyuday Paliwal, Delfina Mupioz,
and Henk J. Bolink*

Perovskite solar cells have become promising candidates for thin-film
photovoltaics (PV), but many record cells suffer from losses in current

(~3-4 mA cm~2). This is due to the choice of superstrate configurations (i.e.,
glass-side illumination) and thin absorber layers, typically on the order of
~500 nm. lllumination through a top transparent conductive oxide electrode
(substrate configuration) using LiF and Al,O, as anti-reflective coatings leads
to reflectance losses below 1% is demonstrated. When combined with 1 um
thick absorber layers, substrate configurated bifacial devices have power
conversion efficiencies >20%, with minimized reflection losses approaching
98% of their detailed-balance limits and higher Jsc than their monofacial
counterparts. Further analysis is conducted to show there is still a significant
fraction of current lost due to poor charge-carrier extraction (e.g., resistive or
low mobility contacts). This is studied by a direct comparison of
photoluminescence at short-circuit versus open-circuit estimating a 4.5% loss

combination with their wide versatility
in material properties and ease of fab-
rication, have made them a choice can-
didate for next generation PV technolo-
gies. Most reported perovskite solar cells
have used solution-based processes; how-
ever, solvent-free alternatives are gain-
ing momentum as perovskite solar cell
performance is reaching levels required
for first industrial applications. Vacuum
techniques offer a promising route to in-
dustrialization, with many examples al-
ready present in the community of semi-
conductor and PV manufacturing.[®-19

Of the potential vacuum techniques
for perovskite synthesis, the most widely
reported is thermal co-sublimation.

in charge-carrier collection.

1. Introduction

Perovskite photovoltaics (PV) have seen a surge in interest over
the last decade and recent progress in defect passivation!?!
and interface controll>®l have pushed single-junction effi-
ciencies close to those of silicon technologies.’”! This, in
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This is done by subliming perovskite

precursors synchronously, and control-

ling the stoichiometry by in-situ rate

monitoring."!l' Thermal evaporation
is a scalable deposition method with demonstrations of high-
efficiency on both small- and large- area devices as well as
modules.>1* A notable advantage of this technique is its ad-
ditive nature in that there is no processing limit to film thick-
ness, and thermal evaporation sources can be sequentially posi-
tioned in a process line to increase deposition speed and/or tune
composition.l'>] Nevertheless, most solar cells use perovskite
thicknesses well below 1 micrometer due to difficulties in pro-
cessing and in some cases due to limitations in charge carrier
diffusion lengths.[*) This limited film thickness has naturally led
the community toward superstrate configured devices (i.e., glass-
side illumination), employing a reflective top metal electrode as
this increases the optical path length. This is mostly needed to
increase the absorption of near-bandgap light for thin perovskite
layers (<1 um) and the top metal electrode can be easily applied
onto the active stack using thermal sublimation, without signif-
icant damage to the perovskite and or charge selective layers in
the stack.

The resulting glass/air interface of these superstrate config-
ured devices imposes a challenge for anti-reflection, as perfectly
index-matched materials are difficult to come by. This has not
stopped the widespread use of anti-reflection coatings (ARC) in
perovskite PV, typically relying on illumination from the glass
side. In fact, many perovskite solar cells with PCE’s >24% and
external quantum efficiencies (EQE) >95% were reported with
the use of anti-reflective coatings in a superstrate layout (seem-
ingly with single or multi-layer anti-reflective coatings).['’-%*]
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Figure 1. In (a) the measured refractive index of a fused silica (glass) substrate is shown in solid black, with the optimal refractive index needed for
anti-reflection between fused silica and air plotted in a black dot-dash line. This optimal index is far from the measured index of common anti-reflective
materials such as LiF shown in a dotted orange line. Similarly, in (b) the measured refractive index of ITO (solid black) and the optimal refractive index
for a single-layer anti-reflection coating (dot-dash) for the ITO/air interface. Plotted in a dotted orange line is again the refractive index of LiF, this time
much closer to the ideal refractive index needed for anti-reflection at the ITO/air interface.

Other groups have investigated better index-matched materials
(typically porous coatings) to replace single-layer LiF or MgF,
anti-reflection coatings but continue to evaluate the scalability
of such processes.[**2% In the silicon/perovskite tandem com-
munity, devices are measured in a substrate configuration (top-
illumination), with LiF or MgF, used as anti-reflection, carefully
choosing the thickness of their TCO stacks for both the optical
gains and the needed lateral electrical conduction.[?-28]

While perovskites do approach efficiencies competitive with
silicon, current market transitions in the silicon PV commu-
nity have pushed most of production toward bifacial modules,
with >70% of silicon modules manufactured in 2023 being bi-
facial and expected to increase to almost 90% by 2030.11% This
has placed pressure on its thin film counterparts to adapt!2>30]
and widened the gap between expected power-generation of per-
ovskite and silicon modules. To adapt, and to target higher power-
generation with bifacial perovskite devices, the community has
already begun to investigate bifacial perovskite devices.’1* Re-
cently, Jiang et. al reported bifacial perovskite devices with effi-
ciencies >23%.3°] However, bifacial perovskite devices reported
in the literature still rely heavily on solution-based processes and
absorber layers <1 pum, with low bifaciality factors.[>-7]

When transitioning to bifacial devices, the rear metal reflector
is replaced by a transparent conductive oxide (TCO) such as in-
dium tin oxide (ITO), effectively reducing the path light travels
in the perovskite layer by half. To compensate for this, the thick-
ness of the absorber layer must be increased (>1 um), something
that can be achieved with relative ease using vacuum deposition.
In these devices with TCO’s as both front and rear electrodes one
can illuminate the cells through either one of them. When illumi-
nating through to TCO, that is in the substrate configuration the
interface with air changes from glass/air to ITO/air. The ITO/air
interface, potentially including some thin encapsulation layers
enables the formation of efficient anti-reflection layers with com-
monly used materials, as we describe in this work.

In this work, we show that expanding the absorber layer thick-
ness from 500 nm to 1 um allows for the fabrication of bifacial
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(semi-transparent) devices with greater current collection than
their monofacial superstrate counterparts. This is notable given
the lack of a metal rear reflector. We conceive a triple-layer ARC
coating consisting of only one additional thin film to those al-
ready present in the device stack and demonstrate that it leads to
devices that have a reflectance approaching the ideal limit. The
minimized reflection loss of these devices approach ~98% of the
detailed-balance limit (0.56 mA cm™ of reflection). Lastly, to fully
understand the current losses in these device stacks, we evaluate
each loss mechanism, observing poor charge-carrier extraction
and light transmission as the main limitations, accounting for a
summed loss of #11% (2.94 mA cm™2).

2. Results and Discussion

When looking for an appropriate candidate for anti-reflection at
the glass/air interface, finding properly index-matched materials
can be challenging. In Figure 1a, the refractive index of fused
silica (glass) is displayed, along with the refractive index of LiF
(a standard anti-reflective material) in a dotted orange line. Also
marked is the optimal refractive index for a single-layer ARC
(black dot-dash), calculated as described in the Supporting Infor-
mation. In Figure 1a, the refractive index at 600 nm for LiF is
1.37 far from the ideal index of 1.21. However, when moving to a
bifacial device, and considering illumination from the top, the in-
terface to consider becomes the ITO/air interface. For the ITO/air
interface, the index matching of LiF is close to ideal (Figure 1b).
Note that the ITO layer itself can promote anti-reflection when
appropriate ITO thicknesses are employed allowing us to con-
sider a double-layer ARC coatings comprised of ITO and LiF, us-
ing the refractive index of MAPDI, as the substrate. Moreover,
to increase the perovskite solar cell’s resilience to moisture, an
atomic layer deposited (ALD) layer of Al, O, is often deposited on
top of the ITO layer allowing for triple-layer ARC coating com-
prised of ITO/Al, O, /LiF. The ideal refractive indices of a double-
and triple-layer ARC coating using MAPDI; as the substrate
are shown in Figure S1 (Supporting Information) alongside the
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Figure 2. The device architecture of an optimized bifacial device stack is shown in (a). with the measured reflectance shown from top- (black) and
bottom-illumination (red) shown in (b). Reflectance from the top is significantly lower, in accordance with the better index-matched anti-reflective
coatings explained in Figure 1 and simulated in Figure S3 (Supporting Information). Information on the device stack and materials used are described

in the Experimental Section.

measured indices of ITO, LiF, and Al, O,. Similarly, this is shown
for a fused silica substrate (Figure S2, Supporting Information).
These simulated coatings do not include the charge transport lay-
ers that we consider to be sufficiently thin as to have a small ef-
fect on the reflective properties of the stack, allowing us to focus
on the ideal limits of the ARC coatings. The potential benefits
of a double-layer ARC employing solely ITO/LiF or a triple-layer
coating using ITO/AlL, O, /LiF are evidenced by the proximity of
their indices to optimally index matched materials. It is impor-
tant to emphasize that the ITO and Al,O, layers are functional
coatings, in that they are necessary for providing charge trans-
port and encapsulation,®®! requiring only one additional LiF step
to complete the stack and thus allowing for ease of integration.
We proceeded to optimize a triple-layer ARC by varying the
LiF thickness on the stack, choosing to fix the ITO thickness at
55 nm to ensure proper electrical performance and transparency
as well as the Al,O, thickness at 35 nm to reduce the process
times for the ALD step, as described in the Experimental Section.
In Figure 2a, the optimized bifacial device stack is shown along-
side its measured reflectance using top- and bottom-illumination
in Figure 2b. When integrated under AMGL.5, the optimized
device stack had a reflectance of 0.56 mA cm™ in a substrate
configuration (top-illumination). The reflectance of stacks with
varying LiF thickness can be found in Figure S3 (Supporting In-
formation) where it is seen that by increasing the LiF thickness
beyond 100 nm the reflectance improves in the 550 to 650 nm
range, bringing it near 0%, but an interference fringe in the UV
wavelengths (marked by a black arrow) causes significant current
loss. Additionally, moving to lower thicknesses pushes the off-
set of the reflectance from 1% to ~2-3% in the 550 to 750 nm
range. The reflectance of samples with 110 nm ITO layers (more
suitable for large-area devices) were also evaluated and shown to
perform only slightly worse than their 55 nm ITO counterparts
(0.18 mA cm~? increase in reflectance; AMG1.5) and still signif-
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icantly better than the superstrate configurated devices, with an
0.74 mA cm~2 current loss due to reflectance for an optimal LiF
thickness of 80 nm (Figure S4b, Supporting Information). Addi-
tionally, double-layer coatings of ITO/LiF were measured to un-
derstand the importance of the Al,O, encapsulation layer on the
anti-reflective properties and found to have similar reflectance
when reducing the LiF layer to 80 nm, with a difference in in-
tegrated reflectance of only 0.02 mA cm~2 (Figure S5, Support-
ing Information) to its ITO/AL O,/LiF counterpart. However, as
the Al O, encapsulation layer is necessary for the device fabri-
cation, we report all devices in this work with a triple-layer ARC
stack.

In Figure S6 (Supporting Information), transfer-matrix
simulations®**) were used to calculate the ideal reflectance
expected at each interface. This was done by using the opti-
mal refractive index and a combination of thicknesses that
led to the smallest integrated current under AMG1.5, as de-
scribed in the Experimental Section. The minimized ideal
reflectance equated to losses in current-density in the so-
lar cell of 0.76 and 0.17 mA cm~2 for an ideal superstrate
(bottom-illumination) and ideal substrate (top-illumination)
configuration respectively. When comparing the experimental
results for the top illuminated ARC (Figure 2b) the calcu-
lated reflectance loss of 0.56 mA cm™2 outperforms an ideal
single-layer anti-reflective case for superstrate configurated
devices.

This reduced reflectance for top-illuminated devices is promis-
ing, but the removal of a metal rear reflector causes severe
current-loss from an increase in light transmission. In a 500 nm
bifacial (semi-transparent) MAPDI; device, this loss is calcu-
lated to be 3.12 mA cm~2. This loss in transmitted light out-
weighs the gains in reduced reflectance. Thus, an increase in
the absorber layer thickness is required. We evaluate devices in
which the absorber layer was increased to 1 um, both in bifacial
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Figure 3. In (a) the EQE for a bottom-illuminated monofacial (opaque) device with a perovskite layer of 500 nm (blue dotted line) and 1 um (black solid
line) and b) the EQE for a top-illuminated bifacial (semitransparent) device with a perovskite layer of 500 nm (blue dotted line) and 1 um (black solid
line). In (c) the reflectance as a function of wavelength for monofacial devices with a perovskite layer of 500 nm (blue) and 1 um (black). A vertical dotted
line is drawn at 800 nm where a reduction in reflectance at 800 nm is apparent, indicating reduced escape reflectance. In the inset the total reflectance
of monofacial (squares) and the summed reflectance and transmittance of bifacial devices (stars) at 800 nm is shown.

(semi-transparent) and monofacial (opaque) cells. In Figure 3 the
EQE for cells with absorber layer thicknesses of 500 (blue) and
1 um (black) are displayed; the exact solar cell stack is described in
more detail in the Experimental Section. An increase in infrared
absorptance is seen when increasing the absorber layer thickness
for both device architectures (Figure 3a,b). This amounts to a
0.26 mA cm™ gain in short-circuit current (J ) for the mono-
facial case. Also seen is the removal of interference fringes in
the monofacial case (Figure 3a). This is surprising as both the
thin bottom ITO (200 nm) and MAPDI; should induce some de-
gree of interference. A possible explanation is in the roughness
of the device stack, which can be observed in an SEM cross-
sectional image provided in Figure S7 (Supporting Information)
and where a significant influence on the optical length can be
observed for light normal to the surface (Figure S7b, Support-
ing Information). A reduction in the reflectance (e.g., escape re-
flectance) at 800 nm when moving to thicker films can be seen in
Figure 3c. This is also shown in the inset (squares) of Figure 3c.
This is caused by an increased absorption in the film. The in-
set of Figure 3c depicts the summed reflectance and transmit-
tance of a 500 nm and 1 um bifacial stack (stars), which nears
90% for both, correlating well to the lower near bandgap absorp-
tion expected when removing the rear metal reflector. The differ-
ence between the escape reflectance of a 1 um bifacial stack and
a 500 nm monofacial stack (whose optical lengths are identical)
can be attributed to the increased absorption of infrared light by
the TCO in the monofacial device, and the positioning of inter-
ference fringes.

Notably, in Figure 3a,b an offset between the monofacial and
bifacial EQE’s can be observed, caused by the reduced reflectance
in the substrate configuration. The collection in the ultraviolet
(UV) region is different between the device configurations, with
the monofacial stack collecting significantly less light. This has
to do with the ITO coated substrate used, whose transmittance is
significantly lower than the optimized ITO recipes used in this
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work for depositing the top electrode of bifacial stacks. However,
both the bifacial and monofacial device configurations employ
the same patterned ITO substrates; the effect is not observed in
the bifacial configuration because the UV light does not reach the
TCO on the backside.

This can be promising for the upscaling of such devices, as
the optical properties of the bottom TCO become less signifi-
cant. For example, devices with two bottom TCO’s (an ITO refer-
ence, 200 nm thick, and a more absorbing FTO substrate, 320 nm
thick) were fabricated and the EQEs of bifacial (top-illumination)
(Figure 4a) and monofacial (Figure 4b) devices were checked.
Their absorptances are shown in Figure S8 (Supporting Infor-
mation), alongside the absorptance of the top ITO electrode. The
EQE’s of such devices, when measured from the glass-side show
notable differences attributed to the choice of TCO. However,
when measured from the top, no such difference is observed
with the integrated ] shown to be 23.45 and 23.13 mA cm~? for
FTO and ITO devices respectively. This allows for more freedom
with the bottom TCO and greater potential for large-area devices
where thicker and more conductive TCO’s are desired. The EQE
current mismatch of an ITO-device amounts to 3.42%. Finally, in
Figure 4c the average JV curve for 1 ym devices are shown with
substrate versus superstrate illumination, compared to a 1 uym
thick monofacial device. Each curve is averaged from eight de-
vices on one substrate. All devices exhibit little hysteresis, and
the stabilized efficiency (%1000 s) and JV sweep of an exemplary
device is shown in Figure S9 (Supporting Information). In Figure
S10 (Supporting Information) the dark JV curve of this device is
also reported. A notable increase in current of 1.01 mA cm=2 is
observed when comparing the top-illuminated bifacial device to
its monofacial counterpart. The champion device exhibited a PCE
0f 20.06% (Figure S11, Supporting Information). The stability of
similar monofacial devices employing the same perovskite has
been reported previously.[*®! Preliminary stability data indicate
that the stability of bifacial devices is independent with respect
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Figure 4. Solar devices with absorber layers 1 um thick were fabricated and characterized. In (a) the top-illuminated (substrate) EQE’s of two device
stacks, one with FTO (blue) and the other with ITO (black) are shown with their integrated current under AMG1.5 shown in dotted lines. In (b) the EQE'’s
of these same devices are shown but with illumination from the glass-side (superstrate). A notable decrease is observed caused by increased reflection,
as well as an asymmetry between the two EQE’s, caused by the different reflection and absorption of the corresponding TCO substrates. Measured from
the bottom, the integrated current approaches 23.2 mA cm~2 for these top-illuminated devices. In c. the average forward (dash) and reverse (solid) JV
curves for an ITO device are shown measured with top- versus bottom-illumination (substrate vs superstrate). Also shown is its monofacial equivalent
employing the same ITO. JV curves are each an average of eight devices, 1 substrate. Plotted in a dot-dash line is the detailed balance limit of the
current-density assuming a step-function for absorption starting at 800 nm.

Wavelength (nm)

to the way the devices are operated. In Figure S13 (Supporting
Information), JV curves for two types of devices are shown when
stressed at 85 °C for 96 h operated in substrate and superstrate
configuration (that is illuminated toward the top TCO or toward
the bottom TCO). For both pixel sizes no notable difference be-
tween the illumination direction can be observed. The cells with
an active area of 0.25 cm? show virtually no degradation over this
time period, whereas the 1 cm? devices increase when held at 85
°C for 96 h.

We comprehensively study the origin of such losses in
Figure 5. The 1-reflectance (R) and absorptance (A) are plot-
ted alongside the EQE to fully understand where the current
losses occur. Notably, the reflectance loss has been reduced to
0.56 mA cm~, meaning that ~98% of the light (integrated
below 800 nm; AMG1.5) enters the device. Parasitic absorp-
tion in the UV and infrared are attributed to absorption in the
contacts and ITO but amount to an insignificant fraction of
the total light. Instead, the main losses occur in the transmit-
ted light (1.6 mA cm™2) and internal current collection losses
(1.27 mA cm™?). Unfortunately, transmitted light cannot be better
collected without fundamentally increasing the absorption coef-
ficient of the perovskite absorber layer or by increasing the op-
tical path length of the incoming light. The latter could be done
by increasing the optical roughness or increasing the absorber
layer thickness. Internal collection loss was estimated as 4.5%
(explained in detail in the following section) by a series of open-
circuit and short-circuit PL measurements. We note a constant
offset between the 1-R and the EQE, relatively independent of
wavelength, that indicate collection losses at the contacts as op-
posed to poor diffusion lengths.

This can be seen in the internal quantum efficiency (IQE)
(Figure 6) of such a device, where a constant offset of ~5-7%
over the 400-750 nm wavelength range is observed, indicating
that charges are not completely extracted from the device. To cor-
roborate this charge-extraction loss, we collect the photolumines-
cence of devices at short-circuit (PLyc) and open-circuit (PLg),
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shown in the inset of Figure 6.41-] As expected, the PL is much
higher in open-circuit than in short-circuit as in open-circuit all
excited carriers must eventually recombine (either radiatively or
trap-assisted). However, in short-circuit conditions, charges pre-
fer to flow into the external circuit and recombine without lumi-
nescing. This charge-current represents the J. of a stereotypical
PV device. However, not all excited carriers reach the external cir-
cuit, which leads to a small, but noticeable, PL signal, as well as a
loss in Jgc. By using the ratio between the open-circuit PL (¢ o)

100

rw T 1
N\
— 90 1
c,\° solL |:| Internal Collection Loss s ]
- (1.27 mA/cm? = 4.5%) |
X 7o} .
1 D Parasitic Absorptance
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Figure 5. Losses in a bifacial device (top-illumination) are evaluated by
plotting the absorptance (A, dot-dash line), 1-reflectance (1-R, dotted line),
and EQE (solid line) of this device. Notable, the low 0.56 mA cm™2 re-
flection losses. The main current losses occur instead in the transmit-
ted light (1.6 mA cm™2) shaded in blue and the internal collection loss
(1.27 mA cm~2) shaded in dark orange. An estimate for the blue and IR
parasitic absorption caused by losses in the ITO and charge transport lay-
ers are shaded in light orange.
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Figure 6. The internal quantum efficiency (IQE) is shown above. The rel-
atively flat offset of 5-7% is an indication of poor internal collection effi-
ciency, which we evaluate by measuring the PL at open-circuit and short-
circuit conditions (shown in inset). A 4.5% carrier-collection loss is esti-
mated in this way, attributed to resistive contacts.

and the short-circuit PL (¢.) we can estimate the internal collec-
tion loss, calculated using Equation (1):

WA
<&> ‘= if: = % internal collection loss (1)

boc Ji
2

where n,; is the ideality factor, AJ, is the currentloss in mA cm2,
and J, is the generated carriers by illumination in mA cm=2. The
PLgc and PLy curves were integrated, and the ideality constant
was estimated using the linear fit of intensity-dependent V.
Due to the low intensity of PLy. a peak from the laser tail is ob-
served. This peak is subtracted as a background before perform-
ing the integration. In this way, the final % internal collection
loss was estimated to be 4.5% (o = 0.272%; estimated from fit of
ideality constant). To better visualize this loss, we have added a
4.5% offset in a dashed line to Figure 6. As the curve never quite
reaches 100%, we can assume the unaccounted-for losses come
from parasitic absorption, also visualized in Figure 5 (shaded in
light orange)

3. Conclusion

In this work, we show remarkably low reflection (0.56 mA cm™2)
of an exemplary perovskite solar, whose champion PCE reaches
20.06%, competitive with current reflection losses in world
record devices. We argue that this has to do with switching to
a substrate configured bifacial device due to the increased avail-
ability of anti-reflective material. By properly choosing the thick-
ness of a ITO/Al O, /LiF stack, the bifacial device can outperform
its monofacial counterpart, which is significant considering the
lack of a metal rear-reflector. This increased performance is only
observed when moving from 500 nm to 1 um thick absorber lay-
ers, due to the increased transmission of infrared light experi-
enced by bifacial devices. We also point out the benefits of such
configured devices, which no longer experience parasitic losses
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from the bottom TCO layer, with evident benefits for large-area
devices where thick, conductive TCO’s, or reduced metallization
is needed. With increased interest in both perovskite- and Si-
based solar cells for bifacial PV, we think this is an important
step in understanding light management in bifacial perovskite
solar cells.

4. Experimental Section

The transfer matrix method used for optical simulations in this work
was adapted from open-source code provided by Dr. Koen Vandewal. A
link to the code is also provided in the Supporting Information. The basic
function of the program is as follows: a stack of materials with known n&k
was defined, a thickness for these materials was defined, and finally each
material was defined as coherent or incoherent layers. A transfer-matrix
was then used to calculate the transmission and reflection of the stack,
as well as the absorption of each individual layer. For simulations estimat-
ing the ideal thicknesses of anti-reflective layers, the perovskite layer was
assumed to be infinitely thick and incoherent. Additionally, ideal ARC coat-
ings were calculated by using the optimal refractive index of each coating
and subsequently iterating through a matrix of possible thicknesses. In
this matrix, the ITO thickness minimum was set to 50 nm, as a minimum
thickness is required to maintain proper electrical conduction. The combi-
nation of thicknesses with the lowest reflectance (integrated over AMG1.5)
was then designated as the optimum.

A Jobin Yvon Horiba Spectroscopic ellipsometer was used to extract
the refractive indices and absorption coefficients of TCOs using a Drude—
Lorentz model.[*4l For the dielectric layers (LiF and Al,O,), the fitting of
ellipsometry spectra to obtain the optical constants used an amorphous
dispersion formula developed by Horiba Jobin Yvon based on the Forouhi—
Bloomer dispersion formula, suitable for highly transparent materials.[**]

Device fabrication was as follows. Patterned ITO glass bought
from an external provider, with a thickness of 200 nm was used as
the substrate for all devices reported here unless otherwise stated.
A hole-transport material consisting of CS-9 ((2,2’,2"-(cyclopropane-
1,2,3-triylidene)tris (2- (pcyanotetrafluorophenyl)acetonitrile) and Tatm
((N4,N4,N4” ,N4"-tetra([1,1-biphenyl]—4-yl)-[1,1:4",1"-terphenyl]—4,4"-
diamine) of 2.5 and 10 nm respectively was deposited by thermal
evaporation. Next, the perovskite absorber layer (MAPbI;) was deposited
by thermal co-evaporation of MAI and Pbl, sources.[™>*¢] Subsequent
thermal evaporation of C4o/BCP (bathocuproine) contacts of 10 and 7 nm
were used as the electron transport layer (ETL). For bifacial devices, a
soft-deposition of ITO by pulsed laser deposition was used, as described
in a previous work by Zanoni et al,[*’] before finishing the device with
evaporated Ag electrodes. Finally, the devices are encapsulating using
an ALD Al,O, process,[*8] and a LiF layer was evaporated onto the now
encapsulated devices.

Finished devices were then illuminated in air under a Wavelabs Sinus
70 AAA LED solar simulator. lllumination intensity was calibrated to 1-sun
before each measurement using a calibrated Si reference diode, equipped
with an infrared cutoff filter (KG-5, Schott). A mismatch factor of 1.011 was
calculated using the spectral irradiance of AMG1.5 and the LED simulator
compared to the EQE of the reference cell and a MAPblI; solar cell (Figure
S12 and Equation S13, Supporting Information). Devices had a total area
0f0.0825 cm? and an illuminated area of 0.05 cm?, defined through the use
of metal shadow masks during the deposition and measurement process.
Devices were kept at open-circuit for 10 s before a voltage sweep from —0.2
to 1.2 V, with a scan speed of 0.5 V s~'. Reflectance, transmittance, and
absorptance measurements were collected using a PerkinElmer Lambda
950 UV-vis- NIR spectrometer. This system is coupled to an integrating
sphere. External quantum efficiency (EQE) was measured using a system
developed by QE-R by Enli Technology Co., Ltd. Photoluminescence (PL)
was measured at steady-state, using a custom-built system calibrated with
an Avantes cosine corrected lamp of known intensity. Devices were mea-
sured at open-circuit and short-circuit conditions using a 522 nm excita-
tion laser.

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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