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ABSTRACT: Increasing the open-circuit voltage (V) is one
of the key strategies for further improvement of the efliciency
of perovskite solar cells. It requires fundamental under-
standing of the complex optoelectronic processes related to
charge carrier generation, transport, extraction, and their loss
mechanisms inside a device upon illumination. Herein, we
report the important origin of V losses in methylammonium
lead iodide perovskite (MAPI)-based solar cells, which results
from undesirable positive charge (hole) accumulation at the
interface between the perovskite photoactive layer and the
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) hole-transport layer. We show strong
correlation between the thickness-dependent surface photo-
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voltage and device performance, unraveling that the interfacial charge accumulation leads to charge carrier recombination and
results in a large decrease in V. for the PEDOT:PSS/MAPI inverted devices (180 mV reduction in SO nm thick device
compared to 230 nm thick one). In contrast, accumulated positive charges at the TiO,/MAPI interface modify interfacial
energy band bending, which leads to an increase in V,_ for the TiO,/MAPI conventional devices (70 mV increase in SO nm
thick device compared to 230 nm thick one). Our results provide an important guideline for better control of interfaces in

perovskite solar cells to improve device performance further.
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Exceptionally fast improvement in the power conversion
efficiency (PCE) of perovskite solar cells has been
achieved in the last 10 years.'”” The highest-performing
perovskite devices have been reported to show PCEs above
20% with short circuit current densities (J,.) exceeding 24.5
mA cm~? and open-circuit voltages (V,) of 1.10 V.*’
Compared to the theoretical limit of PCE, which is above
30% for an ideal semiconductor (with an optical bandgap of
1.6 eV), it is clear that the ], have almost reached their limit of
25 mA cm ™, but the V,_ still require further improvement®™ "
to meet the theoretically achievable value of 1.32 V.'""?

The conventional device structure (n—i—p-type) of perov-
skite solar cells often contains titanium dioxide (TiO,) as the
electron-transport layer (ETL)."’ Great effort has been
devoted to achieve V,_ higher than 1.2 V in this structure by
modifying the interfacial properties between the ETL and
perovskite photoactive layer. This can be achieved by changing
the chemical composition of the perovskite layer'*'® or
changing the ETL to other oxide materials such as tin oxide for
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better interfacial energy band alignment.'®'” Low doping levels
of the hole-transport layer (HTL) were also shown to be
beneficial yielding a V. of 1.23 V.'® On the other hand, in the
inverted perovskite device structure (p—i—n-type), poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) is commonly used as the HTL. In these devices,
trap state passivation of the perovskite layer has been reported
to play an important role in improving the device efficiency but
without any noticeable changes in V,. (1.0 V)." Instead,
changing PEDOT:PSS to different types of HTLs, for example,
CuSCN or polymeric HTLs have proven to improve V. up to
1.11 V.*°7** Recently, with further optimization of both the
low-level doped HTL and the perovskite photoactive layer to
reduce nonradiative interfacial recombination, the highest V,
of 1.26 V was reached.”” These results highlight the important
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Figure 1. Structure and performance of perovskite devices. (a) Schematic energy band diagram of an inverted perovskite solar cell with
PEDOT:PSS hole-transport layer and (b) of a conventional structure device applying TiO, electron-transport layer. (c) Reverse current—voltage
scan of the inverted cell and (d) of the conventional structure device for thin (50 nm, red curve) and thick (230 nm, black curve) perovskite layers.
Solid lines show scans under 1 sun equivalent illumination, while dashed lines are the corresponding dark current—voltage curves.

role of the charge-transport layers and their interfaces on the
generation and loss of V. when in contact with the perovskite
photoactive layer. Although many approaches have proven to
be beneficial to improve V,, fundamental understanding of the
physical origin of such improvements is still needed to reach
device efficiency close to the radiative limit of perovskite solar
cells. In this study, we aim to provide this fundamental
understanding of V. by unraveling the origin of its loss in
perovskite solar cells in both conventional and inverted device
structures. For this, we utilize surface photovoltage measure-
ment performed on the perovskite photoactive layer with
different thicknesses deposited directly on top of TiO, and
PEDOT:PSS transport layers. The measured surface photo-
voltage values were compared to thickness-dependent device
performance to identify the origin of V. changes.

Surface photovoltage (SPV) is a contactless technique used
to monitor changes in surface potential induced by generation
and redistribution of photoexcited charge carriers under super-
bandgap illumination.”*** The driving force for such charge
redistribution is an internal electric field in the device,
represented as band bending of energy levels, originating
from the different Fermi levels of ETL, HTL, and perovskite
layers. In a device containing sequentially deposited thin layers,
the energy bands are serially connected.”® Consequently, SPV,
despite measuring the potential at the surface, can reveal
information on the nature of bulk, surface, and interfacial
properties and processes of organic and inorganic systems
including charge carrier accumulation, recombination, trap
states, and charge carrier decay dynamics. It has been shown
for both organic”’ and perovskite solar cells”® that the
observed SPV is closely related to V,. SPV measurements
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can be used to probe semiconductor stacks layer-by-layer,*

which complements transient photovoltage® and open-circuit
voltage decay,”’ techniques that are limited to complete
devices.

Herein, we present thickness-dependent perovskite solar cell
performance and SPV measurements for both inverted
(PEDOT:PSS and [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM) as hole- and electron-transport layers) and conven-
tional (TiO, and Spiro-OMeTAD as electron and hole charge-
transport layers) devices. We find that reducing the thickness
of the methylammonium lead iodide (MAPI) layer from 230
to S0 nm results in a significant drop in V. (—180 mV) for the
inverted devices but a V. increase (+70 mV) for the
conventional devices. The thickness-dependent SPV of MAPI
on PEDOT:PSS and TiO, is found to be strongly correlated to
such V. changes in devices. These observations are explained
by positive charge accumulation at the PEDOT:PSS/MAPI
and TiO,/MAPI interfaces, which leads to undesirable charge
carrier recombination resulting in a significant drop of V. for
thinner devices in the former case, while plausible interfacial
band bending assists larger Fermi level splitting and hence
improves V. in the latter case. Our results provide critical
insight into the origin and loss mechanisms of V. in perovskite
solar cells and can serve as an important scientific guideline for
further improvement of device performance.

B RESULTS AND DISCUSSION

Thickness-Dependent Open-Circuit Voltage. We ex-
amined MAPI-based solar cells with two different device
structures. The first contains PEDOT:PSS HTL (referred to as
“inverted p—i—n structure”), while the other applies titanium
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Figure 2. Characterization of perovskite layers with thicknesses from 230 to 50 nm. (a) UV—vis spectra, (b) X-ray diffractograms (XRD) with blue
circles at MAPI peaks, and (c) scanning electron microscopy (SEM) images of MAPI layers with different thicknesses. Scale bars (SEM), 400 nm.

dioxide (TiO,) ETL below the photoactive perovskite layer
(referred to as ‘conventional n—i—p structure’). The structure
of the devices and their schematic energy band diagrams are
shown in Figure la)b. We changed the thickness of the
perovskite layer from near optimal (230 nm) to much thinner
(50 nm) to investigate the effect of interfaces on the device
performance. The current—voltage characteristics of the two
solar cell devices (see Figure 1c,d) show that by decreasing the
active layer thickness from 230 to S0 nm, the short circuit
current (J,.) drops in both cases to almost half of the J
observed with the thicker MAPI layer. This is expected as the
absorbance of the MAPI layer is reduced with decreasing
thickness, as observed in Figure 2a. However, the devices with
PEDOT:PSS HTL, regardless of MAPI layer thickness, show a
J.. that is over 30% lower than those that utilize a TiO, ETL,
which suggests a higher rate of charge carrier recombination in
the inverted p—i—n devices.

Interestingly, the open-circuit voltage (V,.) of the inverted
p—i—n structure device drops by 180 mV when decreasing the
MAPI layer thickness, in contrast with the conventional n—i—p
devices where V. increases by 70 mV (see Figure 1c,d). Note
that there is only a small increase in fill factor in both cases
(0.58 + 0.01 to 0.63 + 0.04 and 0.54 + 0.01 to 0.56 + 0.02 for
the inverted and conventional devices, respectively) indicating
good surface coverage even with the thin MAPI layers. The
conventional solar cells with TiO, show significant current—
voltage hysteresis, while there are only minimal differences
between the forward and reverse scans of the inverted p—i—n
devices applying PCBM ETL*” (see Figure S1). Importantly,
the thickness dependence of V. is present for reverse and
forward scans for both device structures (details of photo-
voltaic performance and hysteresis are shown in Tables S1 and
S2). The distinctly different behavior of V,_ as a function of
MAPI layer thickness suggests different loss mechanisms of
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photovoltage in the conventional and inverted device
structures.

Characterization of Perovskite Layers. Four different
thicknesses of the MAPI layer (230, 150, 90, and SO nm) were
prepared and characterized by X-ray diffraction (XRD), atomic
force microscopy (AFM), and scanning electron microscopy
(SEM) to rule out the potential influence of different
crystallinity and morphology in the observed thickness-
dependent V,. The same crystal structure for all of the
thicknesses is confirmed by the X-ray diffractograms (see
Figure 2b) showing for all films the same tetragonal
polycrystalline MAPI diffraction peaks™** ((001) at 14.1°
and (220) at 28.5°) without any shift in peak positions. The
intensities of the MAPI diffraction peaks grow with increasing
film thickness as expected, in contrast with the two decreasing
indium tin oxide (ITO) substrate related peaks at 21.4 and
30.3°.°%* The AFM measurements show very similar surface
roughness of the perovskite layer for all thicknesses with a
calculated average root mean square roughness of 6.1 + 0.5
nm. The AFM images and corresponding line profiles are
displayed in Figure S2. The SEM images of MAPI in Figure 2c
show dense, pinhole-free coverage of the substrate even for the
thinnest, S0 nm thick perovskite layer. SEM images for thin
and thick MAPI layers on different underlayers showing very
similar coverage and grain sizes can be found in Figure S3. The
grain size of MAPI is in the range of 50—200 nm with smaller
grains for the thinner layers (50—100 nm) and slightly larger
grains (100—200 nm) for the thicker layers. The difference in
grain sizes on these length scales is not expected to influence
the V. of the devices as the generation and recombination of
charge carriers are not significantly altered by the size and
density of grains within these ranges.'® We notice that the
changes in grain sizes induced by different underlayers are
much smaller than those induced by different thicknesses of
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Figure 3. Thickness-dependent surface photovoltage measurements of MAPI. The change in work function is measured upon illumination with
white light for perovskite layers with different thicknesses in the range of 230—50 nm, deposited on (a) ITO, (b) ITO/PEDOT:PSS, and (c) ITO/
TiO,. Dashed vertical lines indicate when the light was turned on (first line) and off (second line). (d) The absolute value of the maximum work
function changes as a function of thickness for MAPI layers deposited on ITO, PEDOT:PSS, and TiO,.

the perovskite layer, suggesting an insignificant effect of
underlayer-induced grain size change on the V.

Energy Levels and Surface Photovoltage. We con-
ducted thickness-dependent energy level and surface photo-
voltage (SPV) measurements to understand the origin of the
different behavior of V. observed in the inverted and
conventional perovskite solar cells. The valence band edge of
MAPI layers was measured by ambient pressure photoemission
spectroscopy” at 5.34 + 0.05 €V regardless of the MAPI layer
thickness or underlayers (see Figure S4). Work function values
were determined in dark (WFy,;) and as SPV under white
light illumination (Wthht). We use here the change in work
function upon illumination (AWF = WEgp, — WF,,,) to
quantify the magnitude and sign of generated SPV.

We measured the dark work function of MAPI on both ITO
and PEDOT:PSS layers at ~4.90 eV for all thicknesses. The
measured energy levels for all MAPI thicknesses are shown in
Figure SS. We conclude from this result that the prepared
MAPI layers are intrinsically p-type; however, the Fermi level is
shifted to be shallower (—4.55 eV) by the n-type TiO, as
observed previously.””

The magnitude and dynamics of illumination-induced SPV
for MAPI layers (from 230 to SO nm) deposited on ITO, ITO/
PEDOT:PSS, and ITO/TiO, are shown in Figure 3. Upon the
formation of an interface between two materials with different
Fermi energy levels (semiconductor/semiconductor or con-
ductor/semiconductor), their Fermi energy levels will align
and hence a downward band bending is expected in the lower
work function semiconductor (see Figure 4a). When the
semiconductor is illuminated by light with energy above the
optical bandgap, photoexcited charge carriers are generated
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and then redistributed in the semiconductor layer due to the
band bending. This redistribution of charge carriers results in
the accumulation of electrons at the surface of the top layer,
reducing the band bending and leading to flat band condition
at high photogenerated charge carrier density.””*’ For the
perovskite layers deposited on bare ITO and PEDOT:PSS, we
observe a positive change in the work function, which is
consistent with a downward band bending in the MAPI layer
and hence an increased density of electrons at its surface under
illumination.

The change in the measured work function, ie., the
magnitude of SPV, will equal the overall band bending in
the sample, unless there are other processes present preventing
the flat band condition to be reached under illumination (e.g.,
charge carrier recombination or accumulation of ions). The
same magnitude (250 meV) and dynamics of SPV for all
thicknesses (50—230 nm) of MAPI on ITO (see Figure 3a)
imply that the band bending is the same at the ITO/MAPI
interface and the width of the depletion region is shorter than
50 nm, which is expected if the ions in the perovskite layer
migrate to the interface to screen the electric field.*® We notice
that despite the larger absorption and slightly larger grain size
of the thicker (150 and 230 nm) perovskite layers (see Figure
2), the measured SPV on ITO is exactly the same as for the
thinner layers, which confirms that the SPV is determined by
the band bending at the ITO/MAPI interface. After the flat
band condition is reached the SPV does not change any
further. Even if more charge carriers are generated at higher
light intensity, there is no electric field for charge redistribution
therefore all generated charges recombine. This is confirmed at
lower light intensities where the SPV is larger for the thick
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Figure 4. Energy band diagrams showing the generation of surface photovoltage for MAPI deposited on ITO/PEDOT:PSS. (a) Change in work
function for the thick MAPI layer on PEDOT:PSS (AWFy,y) is indicated by the red arrow. (b) A smaller change in work function for a thinner
MAPI layer on PEDOT:PSS (AWF,)p,) is indicated by the blue arrow. WF;, denotes the work function of PEDOT:PSS, WFy, the initial dark
work function of MAPI, while WFy 5, and WFp )y, the work functions of MAPI under illumination for the thick and thin layers, respectively. The
vacuum level, Fermi level, valence band edge, and conduction band edge are denoted by Ey,c (dotted line), E; (dashed line), VB, and CB,
respectively. Electrons and holes are represented by circles with negative and positive signs, respectively.

(230 nm) MAPI layer compared to the thin one (50 nm), but
the difference almost disappears at higher light intensities
where the SPV saturates for both thicknesses as they reach the
flat band condition (see Figure S6a). It should be noted that
there is a possible contribution to SPV from surface band
bending™ and the interfacial bending may be influenced by the
presence of an interfacial dipole layer*’ or a selective transport
layer (HTL or ETL),*"* but as the perovskite layers were
prepared in an identical way and there is no difference in the
measured SPV on ITO for all thicknesses, we consider these
effects to be the same for all samples and, therefore, do not
account for the differences observed in the thickness-
dependent measurements.

The dynamics of the surface photovoltage in Figure 3 shows
the presence of a slow process on the time scale of seconds
when turning the light on. We attribute this to the otherwise
quick processes of charge carrier transport under illumination
being slowed down by the redistribution of the high density of
ions in the perovskite layer,"> which occurs on the seconds to
hundred-seconds time scale.** We confirm this by SPV
measurements at slightly increased temperatures (40 and 60
°C), where the turn-on response of the perovskite layer
becomes significantly faster (the exponential lifetime (7)
decreases from 13 to 4 s) as the ion mobility is increased
(see Figure S7). After turning the light off; the photogenerated
free charge carriers can quickly recombine leading to a sharp
drop in SPV (7, = 3—4 s). There is an additional slower SPV
decay process (7, = 90—120 s), indicating potential slow
recombination of trapped charge carriers**® and redistrib-
ution of ions.*’

As opposed to perovskite layers on ITO, MAPI films
deposited on ITO/PEDOT:PSS show a significant reduction
in the magnitude of generated SPV (see Figure 3b) with
decreasing thickness of the MAPI layer. As discussed before,
this variation is not due to a difference in absorption or
morphology of the perovskite layer, as evidenced from the lack
of thickness dependence on SPV values and dynamics
measured on ITO. The slow saturation of SPV during
illumination for the PEDOT:PSS/MAPI samples may be
related to the relatively small magnitudes of SPV (130 meV)
compared to MAPI on ITO (250 meV) and TiO, (320 meV),
which means a smaller change in the electric field in MAPI and
so less driving force for ion redistribution. The large density of
ions in PEDOT:PSS itself might also play a role in the slow
SPV saturation. The positive change in work function indicates
an increased density of electrons at the surface of the
perovskite layer under illumination (compared to in the
dark), which results in reaching (close to) the flat band
condition in the case of a thick MAPI layer, as illustrated in
Figure 4a. PEDOT:PSS being a moderately selective contact
for holes,*" its electron blocking property is expected to be
relatively weak, not being able to significantly alter the
interfacial band bending and charge redistribution in the
MATPI layer. In addition, due to the narrow depletion width of
the MAPI as discussed above, the magnitude of band bending
at the PEDOT:PSS/MAPI interface is expected to be the same
for all thicknesses studied. Hence, we attribute the smaller
magnitude of SPV for thinner layers of perovskite on
PEDOT:PSS to recombination of photogenerated charge
carriers, i.e., electrons accumulated at the surface of MAPI
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recombining with holes accumulated at the PEDOT:PSS
interface. Such accumulation of holes at the PEDOT:PSS/
MAPI interface is possible due to significantly lower hole
mobility of PEDOT:PSS* (at least two orders of magnitude
smaller than that of MAPI*®) and/or high density of holes in
the highly doped PEDOT:PSS preventing further hole
transport/extraction from the MAPI layer. This recombination
of charge carriers will be more dominant with decreasing
thickness of the MAPI layer due to the closer proximity of
accumulated electrons and holes in thinner samples. The
recombination induced SPV loss is observed in our samples; as
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the thickness of the MAPI layer is reduced from 230 to 50 nm,
the SPV value drops from 130 to 30 meV indicating a greater
recombination rate in thinner samples (see Figure 4b).

The hole accumulation at the PEDOT:PSS/MAPI interface
that leads to charge carrier recombination (proposed based on
the thickness-dependent SPV measurements) can also explain
the thickness-dependent V. changes observed for the inverted
structure solar cells (see Figure 1a) and points to a significant
loss mechanism in perovskite solar cells employing PE-
DOT:PSS as the HTL. To demonstrate that the proposed
mechanism is also present in the full device structure in which
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PEDOT:PSS and PCBM are used for the HTL and ETL,
respectively, we performed SPV measurements on samples
with both PEDOT:PSS and PCBM layers, as shown in Figure
S (see repeated measurements in Figure S8). With deposition
of PCBM on PEDOT:PSS/MAPI films, the magnitude of the
SPV increased from 30 to 150 meV and from 130 to 190 meV
for the thin (50 nm) and thick (230 nm) MAPI layers,
respectively. With PCBM, the turn-on and -off response
became faster without altering the sign of SPV measured (due
to electrons accumulated at the top PCBM surface,see Figure
5a). These are all indications of an efficient and faster
extraction of electrons through the PCBM layer. Note that the
SPV value with PCBM ETL does not reach the observed V_ as
the silver electrode, which is expected to introduce a large band
banding at the PCBM interface, is not present. Nevertheless,
importantly the thickness dependence trend of SPV values still
remained with PCBM, i.e., higher magnitude of SPV for the
thicker film, clearly demonstrating that the recombination of
photogenerated electrons with holes accumulated at the
PEDOT:PSS/MAPI interface is still present.

The increase in SPV magnitude with PCBM for the thick
MAPI layer is only 60 meV compared to 100 meV for the thin
perovskite layer. As the thin MAPI layer has a higher
recombination rate, the extraction of electrons through the
PCBM layer reduces charge recombination by a greater extent
than for the thick MAPI layer, leading to a larger increase in
SPV. These observations corroborate the presence of charge
carrier recombination due to hole accumulation at the
PEDOT:PSS/MAPI interface providing a plausible explanation
to the V. loss observed in thinner inverted structure MAPI
devices. An accumulation of electrons at the MAPI/PCBM
interface due to the low (compared to MAPI*) electron
mobility of PCBM’’ might also play a role in the
recombination as shown by varying the thickness of the
PCBM layer.”"

Now, we investigate the TiO,/MAPI interface. We observe a
negative change in the work function under illumination for
TiO,/MAPI samples, as shown in Figure 3c, opposite to the
PEDOT:PSS/MAPI samples (see Figure 3d for comparison).
This is expected since in the TiO,/MAPI samples, the
photogenerated electrons are transported and extracted
through the TiO, ETL, while the holes remain in the
perovskite layer being accumulated at the surface of MAPI
TiO, has a shallower Fermi level than MAPI (see Figure SS),
which leads to an upward bending in the perovskite layer at the
TiO,/MAPI interface. This internal electric field under
illumination drives the holes to the surface of the perovskite
layer. The increasing density of holes at the surface of MAPI
decreases the band bending until the flat band condition is
reached (illustrated in Figure 6a), which is measured as a
negative change in work function. TiO, being a strongly
selective contact for electrons,* its hole blocking property is
expected to be contributing to the interfacial band bending and
charge redistribution of the perovskite layer. However, this
phenomenon will occur at all MAPI/TiO, interfaces regardless
of the MAPI layer thickness, so we do not consider it as the
main factor to determine the observed thickness-dependent
SPV on TiO,/MAPI samples.

When illumination is turned off, there is a small fraction
(only 25%) of the fast, initial drop of SPV followed by very
slow decay (z = ~350 s) to reach its initial value in dark
condition. This slow decay may be related to the low density of
electrons being present in MAPI due to the quick and effective

electron transfer to TiO, and at the same time the excellent
hole blocking property of TiO,.

Importantly, the change in work function grows (+25 meV)
with decreasing thickness of MAPI on TiO, (see Figure 3c),
which is opposite to the thickness-dependent SPV of MAPI on
PEDOT:PSS (see comparison in Figure 3d). However, it is
consistent with the increasing V,_ observed for conventional
structure devices, as shown in Figure 1d. The difference in SPV
magnitude increases even further (+150 meV), when Spiro-
OMeTAD HTL is deposited on top of TiO,/MAPI samples
(see Figure S and for repeated measurements, Figure S8)
further confirming the same origin of larger SPV and V. with
the thinner MAPI layer. These observations suggest that there
is no significant recombination between electrons extracted to
the TiO, ETL and the holes remaining in the MAPI layer. We
consider that more bulk recombination in the thick layer>* is
not the origin of the thickness-dependent SPV of TiO,/MAP],
as that would result in lower SPV values for thicker MAPI
layers on ITO as well, which we do not observe.

This interesting thickness-dependent behavior can be
explained by simultaneous accumulation of both positively
charged carriers (holes and ions) at the TiO,/MAPI interface,
which has been suggested31 based on device simulations and
analysis of open-circuit voltage decays (similar to the SPV
decays here) and has also been confirmed by cross-sectional
Kelvin probe force microscopy measurements.*® The increased
density of positively charged carriers at the surface of the
MAPI layer can lead to the flat band condition (see Figure 6a).
The magnitude of interfacial band bending is the same for all
thicknesses as discussed above, indicating that the same density
of accumulated charge carriers is present at the MAPI surface
when flat band condition is reached. However, these positive
charge carriers would be more confined to the TiO,/MAPI
interface in the thinner MAPI layer, now being able to lead to a
downward (beyond flat band) bending and so a larger change
in the measured work function (see Figure 6b).

The larger SPV present for the thin (50 nm) MAPI layer on
TiO, compared to the thick one (230 nm, see Figure 3) and
the fact that the difference in SPV magnitude increases even
further when Spiro-OMeTAD HTL is deposited on top of
TiO,/MAPI layers (see Figure S) imply that accumulation of
positively charged species (holes and ions) at the TiO,/MAPI
interface is also present in full solar cells, and we relate it to the
observed increase of V. in the conventional structure device.

Based on these findings, one can design perovskite solar cells
to prevent the V_. losses described above and hence to
improve device performance further. For example, for the
inverted structure devices, such V_ losses could be avoided by
reducing the doping level of the HTL, so preventing interfacial
hole accumulation and charge carrier recombination.” On the
other hand, for TiO,-based devices, the high density of ions
(cations) could potentially be used to increase the positive
charge accumulation at the TiO,/MAPI interface to improve
V.

oc*

B CONCLUSIONS

In summary, we prepared inverted (PEDOT:PSS-based) and
conventional structure (TiO,-based) MAPI solar cells with
different active layer thicknesses (230—50 nm) to investigate
the origin of V. loss. We find that when decreasing the
thickness of the perovskite layer, the V. decreases significantly
(=180 mV) for the inverted devices but increases (+70 mV)
for the conventional devices.
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Different thicknesses of the MAPI layer on ITO show the
same magnitude and dynamics of SPV, indicating that bulk
MAPI defects are not the cause of the observed V. changes.
However, on PEDOT:PSS HTL, the magnitude of SPV drops
with decreasing the MAPI layer thickness, due to an increased
accumulation of holes at the PEDOT:PSS/MAPI interface,
leading to a higher rate of recombination in thin layers. Such a
hole-accumulation-induced recombination is also present in
the PEDOT:PSS/MAPI/PCBM structure, suggesting that it is
an important origin of V. loss in the inverted device structure.
In contrast, thinner MAPI layers on TiO, ETL compared to
thicker ones show a higher magnitude of SPV, which is
explained by accumulation of positive charge carriers (both
holes and cations) at the TiO,/MAPI interface leading to a
band banding beyond flat band under illumination.”"** Such
an accumulation is also observed in the TiO,/MAPI/Spiro-
OMeTAD structure, confirming that the interfacial accumu-
lation of positive charge carriers is responsible for the observed
increase in V. for the conventional structure solar cell. These
results provide new insight into the origin of open-circuit
voltage in inverted and conventional structure perovskite solar
cells, which will be critical when aiming to further increase
device performance.

B METHODS

Sample Preparation. Indium tin oxide (ITO)-coated glass
substrates were cleaned in ultrasonic bath sequentially in aqueous
detergent solution (2% (v/v) of Hellmanex III), acetone, and 2-
propanol and dried with nitrogen. Before deposition of further layers,
the substrates were treated for 5 min in oxygen plasma at 80 W.

The structure was ITO/TiO,/MAPI/Spiro-OMeTAD/Au for the
conventional solar cells and ITO/PEDOT:PSS/MAPI/PCBM/LiF/
Ag for the inverted devices, where MAPI is methylammonium lead
iodide, Spiro-OMeTAD is 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-
amine)-9,9’-spirobifluorene, and Au is gold. PEDOT:PSS stands for
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, PCBM for
[6,6]-phenyl-Cg,-butyric acid methyl ester, and Ag for silver.

The TiO, layers were spin-coated on cleaned ITO at 2000 rpm
from acetic (0.013 M HCI) solution of titanium isopropoxide (0.23
MM, 97%, Sigma-Aldrich) in ethanol. The layers were annealed at 150
°C for 10 min and at 450 °C for 30 min. PEDOT:PSS was spun from
its aqueous solution (Clevios P VP AI 4083, Heraeus) on the cleaned
ITO substrate at 2500 rpm and annealed at 135 °C for 10 min. The
MAPI layers with different thicknesses were prepared from 0.5, 0.75,
1.0, and 1.25 M p-butyrolactone/dimethyl sulfoxide (ratio of 7:3)
solution of stoichiometric ratio lead iodide (Sigma-Aldrich, 99%) and
methylammonium iodide (Sigma-Aldrich, 98%), using the same
spinning speed (4000 rpm) and with dripping of 500 uL of toluene
after 8 s spinning time. This resulted in around 50, 90, 150, and 230
nm thick perovskite layers after annealing them at 100 °C for 10 min.
For the conventional structure devices, Spiro-OMeTAD (99.8%,
Borun Technology) top transport layer was deposited from 82 mg
mL™" chlorobenzene solution at 3000 rpm. For doping Spiro-
OMeTAD, 64 mg of bis(trifluoromethane)sulfonimide lithium salt
(99.95%, Sigma-Aldrich) and 20 uL of 4-tert-butylpyridine (96%,
Sigma-Aldrich) were added to 1 mL of the solution. These devices
were finished by evaporation of 80 nm gold electrode. The top
transport layer for the inverted structure devices was prepared by
spin-coating PCBM (Ossila) from 20 mg mL™' chlorobenzene
solution at 2000 rpm. The devices were finished by evaporating 1 nm
LiF and 100 nm silver astop electrodes.

Solar Cell Characterization. The current—voltage characteristic
of the perovskite devices was obtained by a Keithley 236 Source
Measure Unit and a solar simulator with AM1.5G filters (Oriel
Instruments). A calibrated Si photodiode (Osram BPW21) was used
to adjust the light intensity on the sample to be 100 mW cm™2. First
forward scan from —0.4 to 1.5 V and then reverse scan was taken at

0.1 V s7" rate. The samples were not biased or illuminated before the
measurements.

Characterization of Perovskite Layers. Absorbance of MAPI
layers was calculated from transmittance and reflectance measured by
a Shimadzu UV-2600 UV—vis spectrophotometer.

The crystal structure of MAPI layers was investigated by X-ray
diffraction (XRD) using a PANalytical X'Pert diffractometer (Cu Ka,
I = 1.54 A) at 40 kV and 40 mA. The diffraction patterns were
obtained over the 26 range of 6—40° in steps of 0.034° and
subsequently analyzed using the HighScore software.

Gemini LEO 1525 scanning electron microscopy was used to
obtain the SEM images. Accelerating voltage was 4—5 kV, and the
working distance was kept as low as possible (<5 mm). Prior to
imaging, all samples were coated with 10 nm chromium.

Atomic force microscopy (AFM) topography images of the
perovskite layers were obtained by a Park NX10 AFM in the
noncontact mode.

Ambient Pressure Photoemission Spectroscopy (APS) and
Surface Photovoltage (SPV). The APS and SPV measurements
were performed by an APS04 system (KP Technology) on samples
prepared on cleaned ITO substrates the same way as described above.
During the measurements, the ITO substrate was connected to the
ground.

The valence band edge of the semiconductor layers was determined
by scanning the UV light excitation in the range of 4.8—6.2 eV and
extrapolating the cube root photoemission to zero. Fermi level of the
samples was calculated from the contact potential difference measured
by the vibrating top Kelvin probe (2 mm, gold tip) and from the work
function of the tip (around 4.5—4.6 eV), which was determined every
day using a silver reference.

The samples were kept and prepared in the dark (or minimal light
condition) for SPV measurements. Before the measurement was
taken, the dark work function was monitored until a stable signal was
reached. Then, the sample was illuminated with white light (20 mW
cm™) for 100 s and the SPV decay was recorded for further 150 s.
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