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The recent development of solution-processed perovskite thin films over 
micrometer-sized textured silicon bottom solar cells enables tandem solar cells 
with power conversion efficiencies > 30%. Next to improved light harvesting, 
textured silicon wafers are the industrial standard. To achieve high perfor-
mance, the open-circuit voltage losses that occur when fabricating perovskite 
solar cells over such textures need to be mitigated. This study provides a prac-
tical guideline to discriminate and address the voltage losses at the interfaces 
as well as in the bulk of solution-processed double cation perovskite thin films 
using photoluminescence quantum yield measurements. Furthermore, the 
origin of these losses is investigated via morphological, microstructural, and 
compositional analysis and present possible mitigation strategies. The guide-
line will be beneficial for scientists working on randomly textured surfaces and 
provides a deeper understanding on this timely research topic.
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1. Introduction

In recent years, monolithic perovskite/
silicon (Si) tandem solar cells[1–18] have expe-
rienced enormous improvements in their 
power conversion efficiency (PCE), which 
makes this photovoltaic (PV) technology one 
of the most promising candidates to sur-
pass the theoretical limit of a single-junction 
solar cell (33.7%).[19,20] Recently, a record 
PCE of 31.25% for monolithic two-terminal 
(2T) perovskite/Si tandem solar cells has 
been reported, which surpasses by far the 
record PCE of single-junction Si solar cells 
(26.7%).[21] Next to 2T architecture, four-ter-
minal and monolithic three-terminal (3T) 
architectures are promising concepts. The 
latter provides the ease of fabrication of the 

2T architecture while circumventing the current matching require-
ment that limits the range of suitable perovskite band gaps.[22–26]

In view of their wide commercial deployment, textured Si 
bottom solar cells are industrially more relevant compared to 
planar or even polished Si front surfaces for monolithic 2T or 
3T perovskite/Si tandems. Moreover, they enable improved light 
management that is required to maximize current generation 
and thus essential to maximize the PCE, as demonstrated by 
the recently reported certified PCEs of 29.3%[27] and 31.25%.[21] 
Yet, while textured Si solar cells exhibit excellent light harvesting 
properties (light incoupling and light trapping),[2,3,11,15,28,29] con-
trolling the morphology and quality of perovskite thin films 
deposited over such textured surface is challenging due to the 
roughness of the processing surface. Initially, vacuum deposi-
tion[7,30,31] and a hybrid 2-step process[6,32–34] have been employed 
to ensure a full coverage of perovskite thin films on micrometer-
sized textured Si surfaces with large pyramid sizes > 2 µm, which 
however did not result in very high PCE due to the limited quality 
of the perovskite absorber. More recently, the development of 
smaller textures with pyramid sizes in the range of ≈0.5–2 µm 
has enabled successful deposition via blade coating,[35] slot-die 
coating,[28] and most often, spin-coating.[3,27,36–40]

The most important PV parameter reflecting the optoelec-
tronic quality of perovskite thin films processed over textures is 
the open-circuit voltage (VOC). To achieve highest performance 
for perovskite solar cells (PSCs), various interlinked open-
circuit voltage losses need to be mitigated.[41–43] However, to 
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date, a comprehensive study that analyses the voltage losses of 
solution-processed perovskite thin films over micrometer-sized 
pyramidal textures is missing. In this work, we present a prac-
tical guideline to discriminate these voltage losses using a set 
of photoluminescence quantum yield (PLQY) measurements 
for double cation Cs0.17FA0.83PbI2.75Br0.25 perovskite thin film 
stacks deposited over micrometer-sized textured Si substrates. 
We further analyze the microstructure, composition, and crys-
tallinity of the films using time-of-flight secondary ion mass 
spectrometry (ToF-SIMS), glow-discharge optical emission 
spectroscopy (GDOES), scanning electron microscopy (SEM), 
atomic force microscopy (AFM), and X-ray diffraction spec-
troscopy (XRD). We provide a step-by-step guidance on how to 
address the voltage losses focusing on the following aspects:  
1) we optimize the hole transport layer (HTL) to minimize non-
radiative recombination at the HTL/perovskite interface; 2) we 
optimize and analyze the effect of (i) the dripping time of the 
anti-solvent and (ii) the PbI2 excess in the precursor solution;  
3) we investigate in depth the interactions of the HTL and trans-
parent conductive oxide (TCO) with the perovskite; 4) we pro-
vide a guide to control the surface morphology using a proper 
perovskite precursor solution concentration and solvent ratio; 
and 5) we manage to reduce the detrimental voltage losses at 
the perovskite/C60 interface[44] using proper surface passivation 
strategies. The insights and voltage loss mitigation strategies of 
our study will be beneficial for researchers who process perov-
skites onto textured or rough surfaces in general and will help 
to further develop this important research direction.

2. Results and Discussion

2.1. Voltage Losses at the HTL/Perovskite Interface

Given the increase in surface area when processing over a tex-
tured as compared to a planar surface, choosing a proper HTL 
is critical to minimize the voltage losses at the HTL/perovskite 
interface. Various HTLs such as nickel oxide (NiOx), Poly-TPD, 
and PTAA are widely employed in the inverted p–i–n PSC archi-
tecture.[7,35,45–57] NiOx can be prepared at high quality using a large 
variety of techniques, such as spin-coating,[50,51] electrochemical 
deposition,[52] screen printing,[53] sputtering,[54–56] atomic layer 
deposition (ALD),[45,57] and e-beam evaporation.[46,47] Since the 
quality of the HTL plays a key role in fabricating efficient PSCs, 
several studies proposed methods to improve NiOx thin film 
quality[48] by introducing process gasses, heating the substrate 
during deposition, or introducing dopants during the film for-
mation.[50,51,58,59] In our study, we use sputtered NiOx to assure a 
conformal surface coverage over the micrometer-sized pyramidal 
textures.[34,38] Although NiOx-based PSCs often exhibit good long-
term stability,[47,54,55] relatively high hysteresis and voltage losses 
due to chemical interactions between NiOx and the perovskite 
film are commonly observed drawbacks when employing this 
HTL.[60–64] In this regard, self-assembled molecules (SAMs) have 
presented themselves as a very good alternative HTL for both 
single-junction p–i–n PSCs as well as monolithic tandem solar 
cells.[12,27,65] The excellent energy level alignment and suppressed 
non-radiative recombination losses result in a significantly higher 
VOC and fill factor (FF) compared to other HTLs.[49,66] However, 

conformally covering a micrometer-sized texture with a solution-
processed ultrathin HTL remains challenging, and the exposed 
regions can lead to detrimental shunting paths, which conse-
quently hinder overall performance and decrease the fabrication 
yield.[32,34] Combining a sputtered NiOx layer that provides a uni-
form and conformal coverage with solution-processed SAMs as 
a double-layer HTL has demonstrated comparable or even better 
PCEs compared to using stand-alone SAMs for PSCs processed 
over planar substrates.[10,34,57,67–70]

To quantitatively analyze and compare non-radiative recom-
bination at the HTL/perovskite interface, we performed PLQY 
measurements on samples prepared with either a single-layer 
NiOx or a double-layer of NiOx/2PACz as HTL. We investi-
gate half-stacks of the PSCs consisting of indium tin oxide  
(ITO)/HTL/perovskite over micrometer-sized textured Si sub-
strates without introducing a C60 layer on top to reliably account 
only for VOC losses that could be attributed to the HTL/perov-
skite interface. For the reference stack (with NiOx as an HTL), 
we measure a rather low PLQY with an average value of 0.3%. 
Depositing a 2PACz layer onto the sputtered NiOx film enhances 
the PLQY by roughly an order of magnitude to an average value 
of 2.5% as shown in Figure 1b. Both values are comparable to 
a previous report by Li et  al., showing that the quality of the 
perovskite films on our textured substrates is indeed similar 
to films processed on planar substrates.[70] Figure  1c highlights 
the superiority of the double-layer HTL with an average implied 
VOC of 1.196 V compared to the NiOx reference with 1.145 V (see 
Experimental Section for more details regarding the calculation 
of implied VOC). The average gain of ≈50  mV is in full agree-
ment with previously reported values for planar PSCs using the 
same or other double-layer HTL.[64,68,70]

To obtain the internal ideality factor (nid) for the corresponding 
perovskite half-stacks, we perform intensity-dependent PLQY 
measurements and apply a fit to the calculated implied VOC.[42] 
The NiOx stack exhibits an ideality factor of nid = 1.74 (Figure 1d), 
which is considerably reduced to nid  =  1.53 for NiOx/2PACz.  
A smaller value of nid toward a value of one is typically associ-
ated with a predominant bimolecular radiative and reduced trap-
assisted Shockley–Read Hall recombination, resulting in higher 
VOC and FF.[42,49,71,72] Together with the increase in absolute 
implied VOC, we therefore attribute this trend with a reduced 
non-radiative recombination at the HTL/perovskite interface.[49]

2.2. Effect of Processing Parameters on Voltage Losses

Most reports on PSCs with high VOC and high PCE employ 
multi-cation perovskite thin films processed with the anti-
solvent quenching technique. The anti-solvent is required to 
induce prompt crystallization, which features pinhole-free 
perovskite thin films with crystallites that have dimensions 
>500  nm. In most recipes, the anti-solvent is dropped in a 
narrow time window between 12–20 s during the second spin-
coating step, which will be referred to as “early quenching” 
in the following.[49,73–76] However, from cross-sectional SEM 
images we find that in the valleys of the pyramidal textures 
of the substrate there are apparent perovskite-free regions 
(aka. voids) for the perovskite thin films processed with early 
quenching (see Figure 2a; Figure S1a, Supporting Information).  

Adv. Funct. Mater. 2022, 2210758
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Chen and co-workers have reported on voids at the perovskite/sub-
strate interface for perovskite thin films processed over planar 
substrates using the anti-solvent quenching technique.[77,78]  

As the crystallization of the perovskite film starts at the film-
air interface as a result of the solvent evaporation that occurs 
during the anti-solvent quenching, a solid shell starts to form 

Adv. Funct. Mater. 2022, 2210758

Figure 1.  a) Schematic diagram of the ITO/HTL/perovskite (PVK) (Cs0.17FA0.83PbI2.75Br0.25) half-stack on a micrometer-sized textured Si substrate. The 
HTL applies for NiOx and NiOx/2PACz. b) Comparison of the photoluminescence quantum yield (PLQY) for the half-stack when the two different HTLs 
are used and c) the corresponding implied VOC. d) Ideality factor (nid) extracted from a fit to the intensity-dependent implied VOC.

Figure 2.  a,b) Cross-sectional SEM images of PSCs processed using early (12 s) and late (55 s) quenching respectively (more images can be found in 
Figure S1, Supporting Information), the scale bar is 1 µm. c,d) PLQY and implied VOC comparison. We performed the measurements employing the 
half-stack ITO/NiOx/2PACz/perovskite.
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at the surface and temporarily traps wet film close to the perov-
skite/substrate interface. The high-boiling point dimethyl sul-
foxide (DMSO) in the trapped wet film will eventually escape 
the film after annealing, resulting in voids near the perovskite/
substrate interface due to the volume collapse.[77–79] In agree-
ment with this hypothesis and considering the complexity of 
the crystallization dynamics of the perovskite thin film on top 
of the textured surface, which originates from three different 
surface types on the micrometer scale (i.e., walls, tips, and val-
leys), the wet film is trapped mostly in the valleys (considering 
a peak to valley distance of ≈1.5 µm). We note that such voids 
are absent if the perovskite is processed over a planar surface 
using early quenching as reported in our previous work.[80]

To resolve this issue and minimize the trapped DMSO 
volume in the pyramids valleys, we optimized the anti-solvent 
dropping time to 55 s, which we term “late quenching” in the 
following. As shown in the SEM cross-sections in Figure  2b 
and Figure S1b (Supporting Information), the pyramids valleys 
are completely filled with no voids being present. The pres-
ence of voids at the HTL (NiOx+2PACz in our case)/perovskite 
interface causes imperfect contact, which reduces charge car-
rier extraction and, in turn, is expected to decrease the FF. 
Indeed, the current density-voltage (J–V) curve of a PSC fabri-
cated using early quenching exhibits high series resistance (see 
Figure S2b, Supporting Information) and on average an ≈8.5% 
lower FF compared to PSCs fabricated using late quenching 
(see Figure  S2c, Supporting Information). We note that addi-
tional microscale experiments such as confocal PL at short 
circuit or open circuit conditions could shed more light on the 
local variations in charge extraction, but these are beyond the 
scope of this work.[81,82] At the same time, we observe a gain in 
VOC from an average of ≈0.99 to ≈1.04 V (see Figure S2d, Sup-
porting Information). In order to understand if this enhance-
ment only stems from enhanced charge extraction or if non-
radiative is effectively reduced, we performed PLQY measure-
ments (Figure 2c,d) and compare the trend in device VOC to the 
implied VOC. In fact, we find that early quenching results in 
significant losses in implied VOC. This indicates that these per-
ovskite-free regions additionally act as recombination centers 
that negatively impact device VOC.[83,84]

To summarize, our analysis shows that late quenching, i.e., 
dropping the anti-solvent after 55  s instead of 12  s, provides 
perovskite thin films on textured Si substrates both with less 
voids (better morphology and enhanced charge extraction) and 
reduced non-radiative recombination losses (better optoelec-
tronic quality). This highlights the importance of adapting the 
perovskite process parameters to the textured Si surface to min-
imize voltage losses and enhance the FF.

2.3. Effect of Precursor Stoichiometry on Voltage Losses

Next to non-radiative recombination losses at the perovskite/
HTL interface, non-radiative recombination at defects in the 
bulk and grain boundaries reduce the VOC. In this regard, the 
stoichiometry of the perovskite precursor solution and addi-
tives can influence the quality of the perovskite thin film in 
the bulk and at the interfaces.[85–88] More specifically, many 
high PCE/VOC PSCs reported to date introduce excess PbI2 

into the perovskite precursor solution.[49,74,75,89] Extensive 
studies have been made to understand the impact of excess 
PbI2 in the perovskite precursor solution on the perovskite 
film quality.[90–99] The role that excess PbI2 plays in passivating 
the grain boundaries and interfaces leads to enhancement in 
the VOC, FF, and photocurrent.[100–104] In addition, Yang and 
co-workers have shown that iodine management in formami-
dinium lead halides by introducing I3

− to the dripping solution, 
heals defect sites and decreases the number of deep-level traps 
within the bulk.[105] In that regard, it has been reported that 
chemical interactions between NiOx (when used as an HTL in 
the p–i–n architecture) and the perovskite, possibly related to 
Ni> = 3+ reacting with A-site cations in the perovskite precursor 
solution, can potentially form a defect-rich interface resulting 
in reduced performance and/or stability.[53,62,64,106–108] As dis-
cussed above and in other reports, the negative impacts of these 
interactions on the optoelectronic properties of PSCs can be 
strongly reduced by employing a double-layer HTL.[63] However, 
in case of textured substrates with a much larger surface area, 
the effect of the exact precursor stoichiometry on i) the strength 
of these interactions and ii) on crystallization behavior in gen-
eral is unknown. Due to the key role that film stoichiometry, 
iodine deficiency, and crystallinity play on voltage losses, sta-
bility, and efficiency of PSCs,[94,95,98,109–111] we further investigate 
in this direction.

For multi-cation perovskite films processed over planar sub-
strates, typically a moderate excess of PbI2 (≈5–10%) in the pre-
cursor solution is used to achieve highest VOC. Already slightly 
higher (or lower) amounts of excess PbI2 can negatively affect 
device performance.[90,102] We find that the 1.6  m perovskite 
precursor solution (which is essential to provide full surface 
coverage over the micrometer-sized pyramidal textures as dis-
cussed in the next section) results in a high volume fraction of 
PbI2 when processed over a planar Si substrates employing 10% 
excess PbI2 (see XRD spectra in Figure 3a).[80,112] Interestingly, 
the PbI2 diffraction peak intensity is strongly decreased once the 
perovskite thin film is processed over the textured surface com-
pared to the planar reference. We emphasize that we used the 
same perovskite precursor solution and the same processing 
parameters for both the textured and planar Si substrates. We 
have also performed XRD measurements on thinner perovskite 
films (regardless of surface coverage) deposited onto planar and 
textured half-stacks using lower perovskite precursor solution 
concentrations (1 and 1.3  m) and obtained similar results to 
the 1.6 m case (see Figure S3, Supporting Information). Such a 
decrease in crystalline PbI2 volume fraction has been reported 
before, for example for recipes using additives in the perovskite 
precursor solution if they tend to form complex compounds 
with the PbI2 (e.g., Lewis acids and bases).[80,113–115] However, 
this explanation is not plausible in case only the substrate type 
is varied (from planar to texture). A more plausible explanation 
for the reduced PbI2 volume fraction is the interaction of the 
perovskite with the NiOx-based HTL.[62,106,107]

To shed light on the potential reasons for the reduced inten-
sity of the PbI2 peak observed for perovskite film processed 
over textured Si substrates we studied the elemental distribu-
tion throughout the perovskite film via GDOES depth-pro-
filing.[116,117] As shown in Figure 3b, the expected signals from  
Pb, I, and Br belonging to the employed Cs0.17FA0.83PbI2.75Br0.25  

Adv. Funct. Mater. 2022, 2210758
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are observed at the start of sputtering, i.e., on the surface 
of the film. After ≈20  s sputtering, a signal from Si starts to 
appear, which we attribute to the time when the first pyramid 
tips are exposed. Only after ≈35 s, the signal from Si starts to 
increase considerably, attributed to the time when most of the 
perovskite film within the valleys has been removed. Looking 
specifically at the distribution of iodine as compared to the Pb 
signal, we find a relative increase shortly before the main Si 
signal starts to arise (see yellow circle). This indicates that there 
is more iodine within the valleys as compared to the main bulk 
of the perovskite film, i.e., after ≈15–25  s sputtering. Another 
interesting observation is that the bromine signal decreases 
monotonically with increasing sputtering times, indicating the 
bromine is mainly located at the perovskite film surface (see 
Figure  S4 for zoom-in, Supporting Information). The rela-
tive increase in iodine close to the Si substrate indicates that  

the bottom side of the perovskite film is more iodine-rich, 
which could be attributed to the above-discussed chemical 
redox interactions between A-site cations in the perovskite and 
NiOx.[53,62,106–108] To further investigate why the bottom side 
of the perovskite film is iodine-rich, we use ToF-SIMS.[118–122] 
The depth-profiling measurement in Figure 3c using bismuth 
ion beam for analysis and cesium ion beam for sputtering as 
described in the Experimental Section (the full data set is in 
Figure S5, Supporting Information) shows that when a combi-
nation of sputtered NiOx and solution-processed 2PACz is used 
as an HTL, the iodine interacts with nickel (Ni) forming nickel 
iodide as represented by its cesium cluster that arises simul-
taneously with the Ni signal. This strengthens our hypothesis 
for an interaction of the iodine with the positive ions of the 
NiOx-based HTL, in full agreement with literature regarding for 
similar p–i–n PSC stacks.[53,62,106,107]

Adv. Funct. Mater. 2022, 2210758

Figure 3.  a) XRD spectra for perovskite films processed onto the half-stack ITO/NiOx/2PACz/perovskite over textured and planar Si substrates.  
b) GDOES spectra for a perovskite film over the textured half-stack. c) ToF-SIMS spectra for a similar stack as in b. d) XRD spectra for perovskite films 
over the textured half-stack with 0, 10, 15, and 20% excess PbI2. e,f) Corresponding implied VOC data for the films in d, without and with C60 respectively.
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Interestingly, the discussed chemical interaction does not 
stop at the HTL, since we observe a similar interaction is 
taking place with the ITO layer underneath. Indium iodide 
(represented by its cesium cluster) and tin iodide signals  
are present simultaneously with the indium and tin signals. 
The indium iodide and tin iodide signals are also present when 
a standalone 2PACz is used as HTL (see Figure S6, Supporting 
Information). We also note the same interaction is taking place 
for perovskite films processed over planar substrates as they are 
deposited over the same TCO and HTL (Figure S7, Supporting 
Information), which indicates the consistency of the reaction 
mechanism. However, when processing the perovskite film 
over a textured surface, the interaction surface area is drastically 
increased due to the larger surface area of the HTL and TCO 
in case of a single-junction PSC, or the HTL and recombination 
junction in case of monolithic tandem solar cells. Hence, signal 
intensities are higher and start to arise earlier in the textured 
surface case (see comparison in Figure S8, Supporting Informa-
tion). To emphasize that the interaction is rather universal, we 
performed energy-dispersive X-ray spectroscopy (EDX) mapping 
on a completely different perovskite composition [triple-cation 
Cs0.05MA0.22FA0.73Pb(I0.77Br0.23)3] over a planar surface that has 
the same TCO (ITO) and HTL (NiOx/2PACz). Similar to the pre-
viously discussed results, the maps indicate high iodine concen-
tration near the HTL/perovskite interface (Figure S9, Supporting 
Information). Our analysis indicates the iodine consumed during 
the interaction with the HTL and TCO for films processed over 
the textured surface is high compared to the planar surface and 
might correlate to the drop in the PbI2 diffraction peak in the 
case of depositing perovskite over the textured surface.

Due to the observed differences in the chemical interactions of 
the perovskite film with the NiOx-based HTL as well as the TCO, in 
addition to the difference in the PbI2 XRD peak intensity between 
perovskite films processed over the planar and the textured sub-
strate, we found it necessary to revisit the typically employed 
10% excess PbI2 in the perovskite precursor solution and search 
for the best value for textured surfaces. For this, we performed 
XRD and PLQY measurements of ITO/NiOx/2PACz/Perovskite  

half-stacks for four different amounts of excess PbI2 (0%, 10%, 
15%, and 20%) as shown in Figure  3d,e. The stoichiometric 
film does not exhibit a PbI2 peak at all and the corresponding 
implied VOC is ≈1.20  V. Increasing the amount of excess PbI2 
in the perovskite precursor solution correlates with the size of 
the PbI2 diffraction peak intensity while the implied VOC for 
all concentrations is only slightly higher as compared to the 
stoichiometric film (Figure 3e) (see comparison of the absolute 
PLQY in Figure  S10, Supporting Information). This indicates 
that the optoelectronic quality of the bulk perovskite in contact 
with NiOx/2PACz is not severely affected by the exact amount 
of excess PbI2. As expected, the non-radiative recombination 
losses increase in all four cases once we introduce the C60 
layer onto the half-stack. Interestingly, the average implied VOC 
values still follow the same trend as without C60, but the abso-
lute differences are much larger with values of 0.992, 1.04, 1.047, 
and 1.029 V for excess PbI2 of 0%, 10%, 15%, and 20%, respec-
tively (Figure 3f). We note that the external VOC data of the full 
device stack exhibit a comparable trend as shown in Figure S11 
(Supporting Information). We conclude that 15% excess PbI2 
is favorable slightly before, but especially after introducing the 
electron transport layer (ETL). This emphasizes that the exact 
amount of excess PbI2 not only affects the NiOx/2PACz/perov-
skite interface, but also the interface toward C60.

2.4. Surface Coverage and Voltage Losses

Assuring full surface coverage is necessary to prevent detrimental 
shunting paths caused by pyramidal tips that extend out to the 
surface of the perovskite thin film. When depositing a perovskite 
film using a 1.4  m precursor solution of a double-cation (Cs0.17
FA0.83PbI2.75Br0.25) perovskite over the micrometer-sized texture, 
we observe a considerable number of uncovered pyramid tips 
that strongly contribute to the high root mean square (RMS) 
roughness of ≈150  nm as indicated by the 3D representation 
of the AFM measurements in Figure 4. In case of a 1.6 m pre-
cursor solution, no tips are reaching out and the RMS roughness  

Adv. Funct. Mater. 2022, 2210758

Figure 4.  a,b) 3D AFM representation of the half-stack ITO/NiOx/2PACz/perovskite/C60 over textured Si substrate deposited using 1.4 and 1.6  m 
perovskite precursor solution respectively. c) Implied VOC comparison of the two cases. d,e) Top view SEM images for the two corresponding perovskite 
thin films.
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is reduced to ≈115 nm. As a reference, the corresponding thick-
nesses of the perovskite thin films deposited over a planar  
substrate using 1.4 and 1.6 m are ≈720 and ≈960 nm, respectively. 
As expected, PSCs with 1.4 m precursor solution therefore exhibit 
an evident reduction in the shunt resistance as compared the 
fully covered PSCs (see Figure S12, Supporting Information).

In addition to the high surface roughness, we note that the 
perovskite films deposited using the 1.4 m solution tend to form 
surface cracks around the pyramidal tips as evidenced by the 
top view SEM images in Figure 4d and Figure S13 (Supporting 
Information). Surface cracks along with high surface roughness 
potentially results in a poor perovskite/ETL interface and con-
sequently a high non-radiative recombination rate.[123] Indeed, 
as indicated by the PLQY measurements of the half-stack ITO/
NiOx/2PACz/perovskite/C60 shown in Figure  4c, the voltage 
losses of the fully covered surface that corresponds to the 1.6 m 
solution is much lower, with an implied VOC of 1.051 V compared 
to 1.022 V in case of using the lower concentration solution.

2.5. Solvent Engineering Impact on the Morphology  
and Voltage Losses

As discussed in the previous sections, assuring full surface cov-
erage by using a perovskite precursor solution with relatively 

high concentration together with optimized processing parame-
ters prevents detrimental shunting paths and leads to enhance-
ment in VOC.[3,27,35,38,80] However, the pyramidal tips that reach 
out the surface in case of low perovskite precursor solution con-
centration are not the only reason for the high surface rough-
ness. Although the thorough surface coverage condition is 
fulfilled when using high concentration solution, we note that 
the perovskite films still suffer from high voltage losses at the 
perovskite/ETL interface.

By further microstructural investigation using AFM and 
SEM, we find that the perovskite film deposited using the 
high concentration 1.6 m precursor solution with the standard  
1:4 DMSO:N,N-dimethylformamide (DMF) (20% DMSO) volume  
ratio exhibits high density, randomly distributed surface wrin-
kles with considerable height (see Figure 5a,d; Figure  S14,  
Supporting Information). These surface wrinkles with their 
considerable height and width can show a strong effect on 
the surface roughness of the perovskite thin film, potentially 
resulting in a poor perovskite/ETL interface.[112,123–132] Hence, 
controlling the surface wrinkles formation in perovskite films 
processed over micrometer-sized textures is crucial in mini-
mizing the VOC losses.

The 3D representation of a 50  ×  50  µm2 AFM scan in 
Figure  5a displays a representative surface wrinkle with an 
average height of ≈1.5  µm and average width of ≈4.8  µm as 

Adv. Funct. Mater. 2022, 2210758

Figure 5.  a–c) 3D representation of AFM measurements for perovskite films processed over the textured half-stack ITO/NiOx/2PACz/perovskite using 
20%, 35%, and 50 % DMSO ratio respectively. d–f) Corresponding top view SEM images. g) Corresponding XRD measurements. h,i) PLQY intensity 
and implied VOC comparison after introducing C60 onto the half-stack.
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shown in Figure  S15 (Supporting Information). Within the 
scanned area, this wrinkle increases the RMS roughness 
(≈500  nm). Wrinkles in perovskite thin films occur when the 
substrate constrains the film from expansion, consequently, 
the in-plane compressive stress that occurs during the interme-
diate phase of film formation results in energy release in the 
form of wrinkles.[125] With the anti-solvent quenching method, 
volume changes between the film and the underlying substrate 
results in residual stress in the perovskite film.[126] Perovskite 
composition,[127–129,132] processing parameters,[112,132] solvent 
type/ratio, and last but not least the substrate type, morphology, 
and temperature,[124,129,130] have strong impact on surface wrin-
kles formation. Excessive formation of wrinkles can lead to 
micro-cracks, which might act as non-radiative recombination 
centers.[123,130] Furthermore, it has been found that strain caused 
by the thermal expansion mismatch between the perovskite 
material and substrate can accelerate the perovskite decompo-
sition.[124] Reducing the strain gradient of the perovskite film 
leads to improvement in hole transport and extraction and 
enhances VOC in planar PSCs.[131] The substrate dependence 
of residual stress is expected to be more complex when depos-
iting the film over a textured surface, indicating that controlling 
the film surface roughness becomes crucial to minimize VOC 
losses.

To study the effect of reducing the strain-related surface 
wrinkles on the non-radiative recombination at the perovskite/
ETL interface, we optimized the solvents ratio to control the 
wrinkles formation and consequently, the surface roughness of 
the film as well as its crystallinity.

Increasing the DMSO percentage in the perovskite pre-
cursor solution from 20% to 35% and 50% tends to have an 
impact on density, height, and width of wrinkles as depicted in 
top view SEM images in Figure 5 and Figure S14 (Supporting 
Information). Although wrinkles are still present in the 35% 
DMSO film with a comparable height to that of the reference 
(20% DMSO), wrinkle width is at least 25% smaller. Further-
more, the number of wrinkles per unit area is strongly reduced. 
As a result, RMS roughness decreases from ≈500  nm in the 
reference to ≈335  nm when 35% DMSO is used. Increasing 
the DMSO ratio further to 50% results in a way lower RMS 
roughness of ≈93  nm and wrinkles are barely noticeable.  
Furthermore, the DMSO ratio plays a key role in the crystal-
lization dynamics.[125,133–136] We observed improved crystallinity 
for films with higher DMSO ratio as indicated by the (100) and 
(200) peak intensities in the XRD measurements (Figure  5g). 
We note we observe small shifts in the XRD peak positions, 
which might be related to micro-strain.[126,131,137,138]

Non-radiative recombination at the perovskite/C60 interface 
is significantly reduced when the DMSO ratio is 35% because 
of reduced wrinkles density and the consequent reduced sur-
face roughness compared to the reference with the standard 
20% ratio. The implied VOC is 1.059 V in case of 35% DMSO 
compared to 1.038 V for the standard 20% (Figure 5i). Although 
further increasing the DMSO ratio to 50% considerably reduced 
surface roughness, implied VOC was found to be lower for this 
higher ratio (1.047 V) than the 35% DMSO case but remained 
higher than the 20% DMSO reference, in full agreement with 
the external VOC data in Figure S16 (Supporting Information). 
It has been shown that a controlled wrinkled morphology could 

potentially lead to increased VOC as the hill sites with higher 
amplitude of wrinkles exhibit less defects.[129] We hypothesize 
it could be one of the potential reasons that the VOC doesn’t 
increase any further by eliminating the surface wrinkles (as it 
happens when using 50% DMSO).

2.6. Surface Passivation and Voltage Losses

Choosing a proper HTL and optimizing the excess PbI2 mini-
mizes the losses at the HTL/perovskite interface and the bulk 
itself, leaving the perovskite/ETL to be the limiting interface. 
Taking into account the very significant voltage losses at the 
perovskite/ETL interface in the p–i–n planar PSCs,[44,49,139,140] 
these losses are expected to be even higher in case of pro-
cessing onto micrometer-sized textured substrates due to the 
expected increase in surface roughness of the perovskite film.

Having developed high-quality perovskite film with good sur-
face coverage, morphology, and optoelectronic properties over 
the micrometer-sized texture, surface passivation of the perov-
skite/ETL interface is discussed in the following. We show 
that both solution-processed and thermally evaporated surface 
passivation interlayer can reduce drastically the non-radiative 
recombination at the perovskite/C60 interface.

Given the known high defect density at the perov-
skite/C60 interface,[27,38,44,49] PLQY of the reference stack  
ITO/NiOx/2PACz/perovskite/C60 processed over a micrometer-
sized texture is low (0.0061%), which corresponds to an implied 
VOC of only 1.045 V (see Figure 6). However, 1 nm of thermally 
evaporated lithium fluoride (LiF) interlayer in-between the 
perovskite thin film and the C60 layer, already increases average 
PLQY to 0.018% with a corresponding implied VOC of 1.073 V. 
This is an improvement in implied VOC of ≈30 mV, which is in 
good agreement with previous reports.[12,41,141,142] However while 
LiF is a simple and widely used passivation interlayer, signifi-
cantly better interlayers have been suggested in literature for 
the perovskite/ETL interface. For example, we demonstrated 
in our previous work that the long-chain alkylammonium salt 
phenethylammonium chloride (PEACl) has a remarkable con-
tribution in reducing the losses at the perovskite/C60 interface 
in planar PSCs.[49] Here, we investigate the role that PEACl plays 
in passivating the same interface when perovskite films are 
deposited over micrometer-sized texture, by spin-coating two 
different concentrations (namely 1 and 2 mg mL−1). The lower 
concentration of PEACl contributed significantly in enhancing 
implied VOC (≈40 mV higher than the reference), and is already 
outperforming the LiF (external VOC data of the full device stack 
match with the implied VOC data as shown in Figure S17, Sup-
porting Information). The higher concentration has shown an 
impressive enhancement in PLQY (almost one order of mag-
nitude higher than the reference) and a corresponding implied 
VOC of 1.106  V. Higher concentrations of PEACl are expected 
to boost the implied VOC further, but it might cause short-cir-
cuit current density and FF losses as reported in our previous 
work.[49] We also performed intensity-dependent measurements 
of the stacks with C60 to analyze nid of the different stacks (see 
Figure S18, Supporting Information). We find that both concen-
trations of PEACl yield nid of ≈1.46, which is slightly lower as 
compared to the reference and LiF that both show nid of ≈1.50. 

Adv. Funct. Mater. 2022, 2210758
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While this reduction is a bit smaller compared to our previous 
work,[49] it is in line with a reduction in trap-assisted Shockley-
Read Hall recombination at the perovskite/C60 interface. 
Similarly, to PEACl and LiF, alternative promising options for  
surface passivation have emerged recently in literature. De 
Wolf and co-workers have shown that thermally evaporating 
1  nm of MgFx as an interlayer in-between the perovskite thin 
film and the C60 layer, mitigates non-radiative recombination. 
Furthermore, the long-term stability that these PSCs exhibit 
is quite remarkable.[27] Also, a double layer of LiF and guani-
dinium bromide have shown VOC enhancement in wide band 
gap p–i–n PSCs.[119]

3. Conclusion

In this study, we quantify voltage losses in solution-processed 
perovskite thin films over micrometer-sized textured Si wafers 
using PLQY. With various characterization tools, we identify 
potential reasons behind these losses and offer ideas to tackle 
them. Due to the large surface area that a textured substrate 
exhibits, a conformal sputtered HTL in combination with a 
high-performance solution-processed SAM can lead to implied 
VOC gains as high as 50  mV. Choosing optimum deposition 
parameters eliminates formation of voids in the pyramid val-
leys, both enhancing charge extraction (i.e., ≈8.5% higher FF) 
and reducing non-radiative recombination (i.e., 10–15  mV 
higher VOC). Assuring full surface coverage by choosing the 
optimum perovskite solution concentration prevents micro-
crack formation around the pyramidal tips and consequently 
attributes to average gains of 30  mV. By controlling the sur-
face wrinkles formation via solvent engineering strategy, one 
can gain up to 20  mV. By optimizing excess PbI2, we gain 
an average of 55  mV higher than perovskite films processed 
using a stoichiometric solution. In addition, with different 
surface passivation methods, we can boost the gains further 
by 30–60  mV. To the best of our knowledge, this is the first 
study that in detail investigates the various voltage losses in 
perovskite thin films processed over textured surfaces. This 
work initiates and strengthens the understanding of this timely 
research topic.

4. Experimental Section

Textured Si Wafers: To remove the saw damage, residuals, and 
contamination; a pre-cleaning step was done first. Afterward, alkaline 
KOH solution with surface activating additives was used to anisotropic 
etch p-type, monocrystalline, <100> silicon wafers. Post cleaning was 
done using HF/HCL. More details could be found in ref. [143]

Wafer Type: A p-type wafer was recommended to use as a substrate if 
an inverted stack was going to be processed onto it. A buffer layer of SiOx 
or Al2O3 over the textured substrate was beneficial in case of patterned 
ITO is going to be used. A comparison between PSCs employing n and 
p-type Si wafers was shown in Figure S19 (Supporting Information).

Device Fabrication: Back Contact: 135 nm of patterned indium tin oxide 
(ITO) as a back electrode was sputtered using Kurt J. Lesker PVD-75 thin 
film deposition system. The substrates were heated up to 300  °C for 
75 min in the vacuum chamber before deposition and this temperature 
was maintained during the whole deposition process, the deposition 
parameters can be found in ref. [80] The average sheet resistance of the 
ITO films was ≈14 Ω cm−2.

Hole Transport Layer (HTL): The substrates with TCO were heated 
up to 150 °C for 25 min in the vacuum chamber, then 15 nm NiOx film 
was sputtered from a NiOx target using 100  W power with pure Ar at 
1 mTorr. The solution processed 2PACz was deposited via spin-coating 
as detailed in ref. [65]

Perovskite: 1.6 m (or 1.4 m) of the double-cation Cs0.17FA0.83PbI2.75Br0.25 
precursor solution was prepared by mixing lead iodide (PbI2, TCI) and 
lead bromide (PbBr2, TCI) and dissolve them together in 80:20 (65:35 or  
50:50) N,N-Dimethylformamide (DMF, Sigma–Aldrich):dimethyl 
sulfoxide (DMSO, Sigma–Aldrich). The solution was heated up for 
30  min at 130  °C and left to cool down for 10  min. Afterward, the 
mixed solution was transferred to the cesium iodide (CsI, Alfa Aesar) 
and formamidinium iodide (FAI, Great Cell Solar) and vigorously  
agitated until all the powders were dissolved. Depending on each case, 
0%, 10%, 15%, or 20% excess PbI2 was employed in the precursor  
solution. The spin-coating program referred to as early quenching was a 
two-step program: 200 rpm with 300 rpm s−1 for 2 s followed by 2000 rpm 
with 2000  rpm s−1 for 30 s. A solvent quenching step of (150 µL) of Ethyl 
acetate anhydrous, 99.8% (C4H8O2, Sigma–Aldrich) was dispensed 15–18 s 
before the end of the 2nd step. For late quenching, a two-step program: 
200 rpm with 300 rpm s−1 for 2 s followed by 2000 rpm with 2000 rpm s−1 for 
60 s. (150 µL) of anhydrous Ethyl acetate was dispensed 5 s before the end 
of the 2nd step. All samples were annealed for 30 min at 100 °C. The triple-
cation Cs0.05MA0.22FA0.73Pb(I0.77Br0.23)3 was prepared as described in ref. [74]

Surface Passivation: 1 nm of LiF was thermally evaporated as stated in 
previous work.[144] Solution-processed surface passivation was prepared 
by dissolving (1–2 mg) 2-phenylethylammonium chloride (PEACl:Sigma-
-Aldrich) in (1  mL) 2-Propanol (IPA, Sigma–Aldrich) and dynamically 

Adv. Funct. Mater. 2022, 2210758

Figure 6.  a,b) PLQY and implied VOC comparison between different surface passivation layers deposited in between the perovskite and C60 in the  
half-stack ITO/NiOx/2PACz/perovskite/C60 processed over micrometer-sized textured Si substrates.
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spin-coated on top of the perovskite film using 1 step program with 
5000 rpm and 2000 rpm s−1, the film was annealed for 5 min at 100 °C. 
More details can be found in our previous work.[49]

Electron Transport Layer (ETL): 25 nm thick fullerene (C60, Alfa Aesar) 
was thermally evaporated and deposited using an OPTIvap evaporation 
system at a pressure of 5 × 10−7 mbar with a deposition rate of 0.4° A s−1. 
A 35 nm SnOx film was deposited afterward over 300 cycles using ALD. 
The following settings were used: a 1.6  s TDMASn pulse with 12  s of 
purging then a 0.1 s water pulse with 16 s of purging. A boosting system, 
increasing line flow to 500  sccm immediately prior to pulsing, was 
utilized instead of the conventional bubbler due to system layout.

Front Contact: 165  nm of IZO was deposited using a Kurt J. Lesker 
PVD-75 thin film deposition system. The deposition parameters were: 
100  W of RF power over 4 inch2 and a deposition time of 2550  s at 
1 mTorr pressure with 1% oxygen to argon ratio. A 100 nm silver contact 
grid was thermally evaporated at 1° A s−1 afterward.

Characterization Methods: Glow discharge optical emission spectroscopy 
(GDOES): Depth profiles for the compositional elements in the stack 
were recorded using a Horiba Scientific GD-Profiler 2 glow discharge 
optical emission spectrometer. The measurements were done using 
RF-mode at a power of 26  W and 5  mbar of argon pressure. The 
inspection spot was ≈4 mm in diameter.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS): A time-
of-flight secondary ion mass spectrometer from IONTOF was used 
to analyze the potential reactions at the HTL/perovskite interface by 
measuring the depth profiling. A 30 KeV bismuth ion (Bi+) was used as 
analyzing beam and probed over an area of 50 × 50 µm2. For sputtering, 
a 2 KeV cesium ion (Cs+) beam was used to form cesium clusters with 
the electropositive and electronegative elements. The rasterized area 
was 300 × 300 µm2. More details can be found in previous work.[145]

X-ray diffraction (XRD): A Bruker D2Phaser system was used with 
Cu-Kα radiation in Bragg–Brenton configuration to identify the crystal 
structure of the perovskite films.

Photoluminescence quantum yield (PLQY): PLQY measurements were 
carried out inside an integrating sphere (LabSphere, 15  cm diameter) 
flushed with nitrogen (relative humidity <5%). A green laser (LD-515-10MG  
from Roithner Lasertechnik) was directed into the sphere via a small 
entrance port. An optical fiber was used to collect the emission from the 
exit port of the sphere and guide it to the spectrometers (QEPro from 
Ocean Optics). The spectral response was calibrated using a calibration 
lamp (HL-3plus-INT-Cal from Ocean Optics) and raw measured spectra 
were recalculated to give power spectra using the integration time. The 
PLQY was determined using the method described by de Mello et al.[146] 
The samples were placed at an angle of 15° with respect to the laser 
beam to avoid specular reflectance. The implied VOC was determined 
from the (intensity-dependent) PLQY measurements as described by 
Stolterfoht et al.[42] and Kirchartz et al.[147] J0,rad was determined using the 
EQE obtained from the following semi-transparent device stack: textured 
Si/patterned ITO/NiOx/2PACz/perovskite/C60/SnOx/IZO/Ag grid 
(see Figure  S20, Supporting Information). Since there was no obvious 
change in the EQE spectrum close to the bandgap for the various 
processing conditions studied in this work, the same J0,rad was used for 
the calculations of all implied VOC’s.

Scanning electron microscopy (SEM): Top-view and cross-sectional, 
high-resolution SEM images, were obtained using Zeiss LEO1530 VP 
model with 10–20 µm aperture size and an in-lens detector. The images 
were captured using acceleration voltage of 5–10 kV.

Current density–voltage ( J–V) measurements: A class AAA Newport 
Oriel Sol3A solar simulator (xenon lamp) was used. Before performing 
the measurements, the solar simulator was calibrated using a certified 
Si photodiode equipped with a KG5 band pass filter. More details can be 
found in our previous work.[148]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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