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ABSTRACT

Two different methods are used to deposit Nb,Os5 as compact electron transport layers in n-i-p double cation mixed-halide perovskite
Cso.17FA¢ 83Pb(Io 83Brg 17)5 solar cells: reactive sputtering and spin coating. These different Nb,Os films influenced perovskite growth and the
charge transport in the cells. Photovoltaic parameters were obtained with an average power conversion efficiency of 17.0% and 15.7% for the
devices based on sputtered and spin-coated Nb,Os, respectively. The mobility and the extracted charges were higher in sputtered Nb,Os-
based devices than in the spin-coated ones. This effect is attributed to the larger grain sizes observed in the perovskite films when deposited
onto the sputtered Nb,Os layers. The higher densities of grain boundaries in the spin-coated Nb,Os-based devices increase ion diffusion and

are expected to decrease efficiency.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083073

I. INTRODUCTION

Perovskite solar cells (PSCs) are considered a promising technol-
ogy due to their high efficiency and low production cost." Since the
first report of solid-state PSCs in 2012,” which had a power conversion
efficiency (PCE) of 9.7% and 500 h of stability, intensive efforts
resulted in the increase in cell efficiency, reaching 25.7% in 2021.”

In PSCs, Electron Transport Layers (ETLs) are crucial in extract-
ing and transporting photogenerated electrons. The properties of a
good ETL include high charge mobility and conduction band align-
ment with the perovskite. TiO, is the most used ETL in n-i-p devices;
however, the material presents limitations in terms of stability and effi-
ciency due to its oxygen vacancy defects, which are responsible for
electron-hole recombination and degradation.4 © Nb,Os is an interest-
ing alternative ETL for PSCs due to its good electronic energy level
alignment, higher stability, and lower photoactivity compared to
TiO,.”” In a previous work,"’ our group obtained methylammonium
lead iodide PSCs with negligible J-V hysteresis using mesoporous
TiO, over a Nb,O5 compact layer deposited by sputtering. Ling et al.
also used radio frequency sputtered Nb,Os without any post-
treatment and reached a PCE of 18%. Using simpler deposition

methods, Shen et al.'' reached 17.4% efficiency in mesoscopic layered
devices and 19.2% for planar PSCs using sol-gel Nb,Os films.

Perovskite crystallization is strongly dependent on the material in
which it is deposited. For instance, Liu et al'”"'® showed that by
increasing perovskite grain size, the photovoltaic performance is
improved. In another recent work,'” the role of grain boundaries
(GBs) in PSCs was discussed, concluding that small grains are recom-
bination hot spots in PSCs.

In this report, the influence of spin-coated vs sputtered Nb,Os in
association with mesoporous TiO, ETLs on PSCs is investigated. In
both the methods, efficient PSCs were produced; however, the mobility
and the charge extraction were found to be higher in sputtered Nb,Os
based PSCs, attributed to the resultant larger perovskite (PVK) crystal
grains obtained.

Il. METHODOLOGY
A. Materials

Ultra-dry lead (II) iodide 99.999% (Pbl,) was purchased from
TCI Chemicals, lead (IT) bromide 99.998% (PbBr,), cesium iodide
99.999% (CsI), niobium (V) ethoxide 99.95%, anhydrous dimethyl
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sulfoxide (DMSO) > 99.9%, anhydrous dimethylformamide (DMF)
99.8%, anhydrous chlorobenzene (CB) 99.8%, and anhydrous acetoni-
trile 99.8% were purchased from Sigma Aldrich. Formamidinium
iodide (FAI), formamidinium bromide (FABr), and TiO, paste (30
NR-D) were purchased from Greatcell Solar, and ethanol 99.8% was
purchased from Neon. All reagents listed in this section were used
without any further purification.

B. Compact Nb,Os films preparation

Nb,Os solution was prepared following the method reported by
Shen et al.” For this, a solution of 25 ul of niobium ethoxide, 2 ml of
ethanol, and 40 pl of hydrochloric acid (2 M) was prepared. After 2 h
of stirring at room temperature, the precursor solution was spin-
coated on clean Fluorine-doped Tin Oxide (FTO) substrates at
4000 rpm for 30 s with an acceleration of 500 rpms ™', followed by
pre-drying at 100°C for 10 min. The spin-coated (SC) Nb,Os films
were named Nb,Os-SC.

Nb,Os films were deposited by reactive magnetron sputtering
using a target of metallic Nb with 3” of diameter (99.9% purity) in a
Kurt J. Lesker System. The deposition temperature and plasma power
were 500 °C and 240 W, respectively. The chamber pressure was kept
in 50 x 107® Torr by a 40sccm of high purity argon flow and
3.5sccm oxygen flow. The deposition time was 3 min to obtain films
of ~100 nm of thickness, comparable with the one deposited by spin
coating. The reactive sputtered (RS) films were named Nb,Os-RS.

C. Perovskite preparation

Double-cation mixed-halide perovskite solution was prepared by
dissolving Pbl, (1.2 mmol), FAI (1 mmol), and CsI (0.2 mmol) in a 4:1
(v/v) mixture of DMF: DMSO. Then, the second solution of PbBr,
(1.2mmol) and FAI (1.2 mmol) in 4:1(v/v) DMF: DMSO was pre-
pared. The two solutions were stirred overnight at 70 °C. Afterwards,
the solutions were mixed to obtain a FAPbBr;:CsFAPDI; (17:83% v/v)
solution. The precursor solution of Csy;7,FAq g3Pb(Iyg3Bro17)5 was fil-
tered through a 0.45 um syringe filter.

D. Device fabrication

Fluorine-doped Tin Oxide (FTO) on glass (2.2mm, 7-8 /Sq
FTO TEC 7 Coated) was patterned by etching with Zn powder and
concentrated HCL. Then, the substrates were cleaned, with Extran®
(50% v/v in H,0), de-ionized water, acetone, and 2-propanol for
20 min each in an ultrasound bath. Next, the substrates were dried
with N,. The Nb,Os films were deposited on FTO as described in
Sec. IIC. The mesoporous TiO, layer was deposited on top of the
Nb,O5 compact layer by spin-coating a solution of 150 mg/ml in etha-
nol of a commercial TiO, paste at 3000 rpm for 30 s. Compact and
mesoporous layers were thermally annealed at 550°C for 60 min.
Nb,Os-RS with mesoporous TiO, on top are named ETL-RS, and the
same for Nb,Os-SC with mesoporous TiO,, ETL-SC.

Perovskite films were spin-coated at 1000 rpm for 10 s, followed
by 6000 rpm for 25 s. Five seconds before the end of the spinning,
200 pl of CB as an anti-solvent was dropped. Then, a Spiro-OMeTAD
solution (73 mg/ml in CB) doped with 29 ul of 4-tert-butyl pyridine,
29 ul of FK209 cobalt complex solution (300 mg/ml in acetonitrile),
and 18 ul of lithium bis(trifluoromethanesulfonic)imide (Li-TFSI)
solution (520 mg/ml in acetonitrile) was spin-coated on the perovskite
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film using 4000 rpm for 60 s. Finally, 80 nm of Au electrode was ther-
mally evaporated at the top of the device at a rate of 0.2 A/s in the first
5nmand 1 A/s in the remaining 75 nm using a HHV auto 306 evapo-
rator system with Inficon SQM-160 thickness control.

E. Characterization

The devices were characterized by x-ray diffraction (XRD) using
a Rigaku MiniFlex 600 diffractometer (Cu Ko radiation with A
= 15406 A). Field Emission Gun Scanning Electron Microscopy
(FEG-SEM) and Atomic Force Microscopy (AFM) images were taken
from three different points in an area of 16 um* and analyzed using
JEOL JSM-7500F and the PC-SEM and Park XE7 software, respec-
tively. The average grain sizes of PVK were calculated using the SEM
images (50 000 magnification) through the ImageJ software, and the
crystallite sizes using Scherrer’s equation. External Quantum Efficiency
(EQE) measurements were made with a PTS-2-QE Quantum
Efficiency/IPCE System from Sciencetech. Contact angle measure-
ments were carried using Ossila Contact Angle Goniometer. The mea-
surements were made using the PVK precursor solution in DMF:
DMSO (4:1 v/v), the same used to film deposition.

Current density-voltage (J-V) curves of the devices were
obtained through a Keithley 2400 digital source meter under the illu-
mination of AM 1.5G spectrum obtained by a solar simulator from
Newport (Class AAA, 94023A-U) with a power of 100 mW cm™ > and
calibrated with certified silicon solar cell before the measurements.
Charge extraction in a linearly increased voltage (CELIV) and photo-
CELIV was measured with Paios equipment from Fluxin, using a
ramp of 10* V/s and final potential of 0.5 V. Impedance spectroscopy
was obtained using Metrohm Autolab PGSTAT302 equipped with a
FRA32 impedance module.

lll. RESULTS
A. Morphological and structural analyses

The crystallization of perovskite films is known to be extremely
sensitive to small changes in the deposition conditions, including the
material over which the film is deposited, as reported.”'®"" Figures
1(a)-1(d) show the top-view SEM images of Nb,Os and PVK films.
From Nb,Os microscopies, it can be observed that both films are com-
posed of nanometric particles, as shown in Figs. 1(a) and 1(c). The
PVK films are uniform and compact. However, larger grain sizes are
found for the ones grown on ETL-RS. Average grain sizes of 443 *+ 6
and 300 = 7 nm were calculated for the films grown on ETL-RS and
ETL-SC, respectively.

The contact angles of PVK solution on ETL-RS and ETL-SC are
presented in Table I. Wettability is known to be important in PVK
crystallization, larger grains are associated with high wettability.””*" A
smaller contact angle or better wettability is found in ETL-RS com-
pared to ETL-SC, in agreement with its larger PVK grain sizes.

The Nb,Os and PVK films roughness were also evaluated by
AFM, see Fig. 2. The Nb,Os-RS film roughness is 28.5 = 0.4 nm, close
to the one found in Nb,05-SC, 29.8 = 0.5 nm. The RMS roughness of
the PVK grown on ETL-RS is clearly smaller than that on ETL-SC,
29.4 * 0.3 and 39.0 £ 0.4 nm, respectively. The smaller roughness of
PVK on ETL-RS is associated with the larger grains, as discussed
previously.

All samples have high crystallinity, independent of the compact
layer used,”” as indicated in Fig. S1. The diffraction peak at 12.7°
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FIG. 1. SEM images with 50 000 magnification of (a) Nb,Os-RS, (b) PVK on ETL-
RS, (¢) Nb,0s-SC, and (d) PVK on ETL-SC.

-
,
o Ry

RMS= 285 nm
s

PVK
RMS= 294 nm
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TABLE I. Measured contact angles of PVK solution on ETL-RS and ETL-SC.

Left contact Right
Sample Liquid angle contact angle  Average
ETL-RS PVK solution 14.5 12.5 13.5
ETL-SC  PVK solution 27.3 30.7 29.0

found in all samples is attributed to traces of Pbl, not converted into
perovskjte.zz’23 The crystallite sizes (Table S1) were estimated using
Scherrer’s equation applied to the (012), (022), and (003) planes. The
values found are 42 + 4 nm for PVK on Nb,Os-RS and 31 * 3 nm for
PVK on Nb,05-SC.

B. Electrical characterization

J-V curves of PSCs using the different ETLs are presented in
Fig. 3. The key parameters, including short-circuit current density
(Jso)> open-circuit voltage (V,.), fill factor (FF), and power conversion
efficiency (PCE), are presented in Fig. 4 and Table IT as well as the
Hysteresis Index (HI). ETL-RS devices have average PCE of 17.0%,
with J = 22.04 mA/cm?, V,. = 1.05V, and FF=73%, in reverse

. 2059(1
u(l\& 29.8m

FIG. 2. AFM images of (a) surface of Nb,Os-RS film, (b) surface of Nb,Os-SC film, (c) surface of PVK on top of ETL-RS, and (d) surface of PVK on top of ETL-SC films. The
ordinates are measured in nanometers while the abscissas are in micrometers. The insets show the measured roughness of each surface.
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FIG. 3. J-V curves of (a) Nb,Os-RS and (b) Nb,Os-SC based PSCs, the scan direction of each curve is indicated by the arrows with the same color of the curves. The insets

show the structure of the devices as well as the band diagram.

scan. In forward scan, the PCE is 16.4%, ], 22.16 mA/cm?, V,. 1.05V,
and FF 70%. For ETL-SC devices, PCE is 15.7%, Jo 22.19 mA/cm?, V.
1.02V, and FF 69% in reverse scan. In forward scan, PCE is 14.1%, J.
22.34 mA/cm?, Vo 1.00V, and FF 62%. The parameters are similar
for both devices, but slightly better for ETL-RS PSCs. The best curves
are shown in Fig. S2 and their parameters in Table S2. When ETL-SC
is used, the HI obtained from HI = 2%Ereere—PClronana’* g in creased by a

factor of 1.5, from 0.097 for ETL-RS to 0.140 for ETL-SC based PSCs.
The external quantum efficiency (EQE) of the devices, shown in Fig.
$3, has no significant differences among the different devices.

Charge Extraction by Linearly Increasing Voltage (CELIV) and
photo-CELIV were carried out. From Photo-CELIV, the ETL-RS
based PSCs has better charge extraction, as shown in Fig. 5. Even
though the current transients are similar, j,. is higher in ETL-RS.

PCEReverse
(a) 25 (b)
£1.08
o.r‘24' . ? E? e +1.05
F23] ... = T . % [1.02S
. R P 3 ~
E - . - : 10.99 8
£22 . . : i >
] T. A I £0.96
2214
£0.93
20— . , . . , . —10.90
RS-R RS-D SCR SC-D RSR RS-D SCR SC-D
(c) 80 (d) 20
75{ - .. !
: 18 _
1 $ T : 1 162
S o [ %3
I65- l % ° N <§
B .| 4
601 -1 i
55, 12
50— . . . . . . —L10
RS-R RS-D SC-R SC-D RS-R RS-D SCR SC-D

FIG. 4. Statistics of (a) Jsc, (b) Voo, (¢) FF, and (d) PCE of the different PSCs analyzed. These results are for measurements in forward and reverse scan directions.
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TABLE II. PSCs parameters extracted from J-V curves; the line corresponding to
the “best curve” refers to the parameters extracted from Fig. S3.

Jsc

(mAcm™?) V.. (V) FF(%) PCE (%) HI (#)
Nb,Os-RS
Reverse 22.0£0.9 1.05*+0.02 73+2 17.00 = 0.90 0.10 = 0.07
Best curve 23.1 1.05 74.2 18.0
Forward 22.2+0.9 1.05*=0.01 70 =1 16.00 = 1.00
Best curve 234 1.06 74.7 18.6
Nb,Os5-SC
Reverse 222+0.9 1.02+0.03 69 +4 16.00+1.00 0.13 *= 0.07
Best curve 23.0 1.04 72.5 17.3
Forward 22.3+£0.8 1.00=0.04 63 =5 14.00 = 2.00
Best curve 23.3 1.05 71.5 17.5

ETL-RS devices have also higher mobility, 2.45 x 1072 cm?/V's, com-
pared to 2.06 x 10~ % cm*/V s for ETL-SC.

Normalized photo-CELIV as a function of light intensity is
shown in Fig. 6(a). For this figure, the CELIV was subtracted from
the photo-CELIV, to ensure that the response is only related to
photogenerated charge carriers. The transient peak of both samples
narrows as the light intensity increase, attributed to a decrease in
dispersive transport. As shown in Fig. 6(b), the carrier’s mobility of
ETL-SC devices decreases in the lower light intensities regime until
it stabilizes at about 50 mW/cm? and higher. This trend is unusual;
however, it has been observed in other materials. For instance, in
InSe, the decrease was attributed to an increase in the drift barrier
height, i.e., the potential barrier between grains, due to the capture
of carriers by fast recombination centers.”” On the other hand,
the mobility of ETL-RS increased slightly with light intensity. In
Fig. 6(c), the extracted charge as function of light intensity is shown

(a)

go.s—
<

Los]f

~

<0.3

1.2

0.0

18 Time (us)
1.2+
g 0.9 -
< 1 72 mWiem’
£ 064
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0.3

0 10 20 30 40 50
Time (us)
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FIG. 5. CELIV and photo-CELIV of (a) ETL-RS and (b) ETL-SC based PSC. The
ramp used was 10* V/s and the final applied voltage potential was 0.5 V.

for both samples indicating higher extraction on ETL-RS based
PSCs, in particular at higher intensities.

Figure 7 shows the normalized photo-CELIV using different
delay times between the light pulse and the start of the voltage ramp.
As can be seen in the figure, the transport in ETL-RS PSCs is less dis-
persive (narrower peaks). However, the mobilities are similar, as
shown in the insets of Fig. 7(a). The extracted charge, as a function of
delay time, is shown in Fig. 7(b). The curves were fitted by a double
exponential decay function n(t) = ng exp(—t/t;) + ng exp(—t/t,),
where 7, and 1, are the recombination times. The double exponential
fitting is an indication of distinct recombination centers, with different

(b) ()

5.5

4.0 .
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= RS-ETL 354 o SC-ETL o o
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FIG. 6. (a) Photo-CELIV transients varying the light intensity for ETL-SC PSCs (top panel) and ETL-RS (bottom panel); (b) extracted charge as a function of light intensity and

(c) mobility as a function of light intensity.
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FIG. 7. (a) Photo-CELIV transients with variating delay times between the light pulse and the voltage ramp, for the different PSCs. The inset shows the mobility as a function
of delay time. (b) Fitted charge extracted as a function of delay time for the different devices analyzed.

characteristic times. The fitting parameters are shown in Table S3. The
71 and 7, of ETL-RS PSCs are higher, 1.4 = 0.4 and 25 = 12 us, com-
pared to 1 = 2 and 4.6 = 0.9 us from ETL-SC.

Figure 8 shows the capacitance of the different devices measured
from impedance in the dark. C-f is used to better understand charge
accumulation.” At low-frequencies, <10>Hz, ETL-SC PSCs capaci-
tance is higher, indicating elevated ion diffusion in this PSC.** Notice
that the capacitance drops at higher frequencies in ETL-RS PSC.

C. Discussion

As discussed earlier, the crystallization of hybrid lead halide per-
ovskites is very sensitive to the deposition process.'””” >’ Our results
show that though PVK is grown on top of a mesoporous layer, the

10*

e ETL-SC based devices
= ETL-RS based devices

105_:"'-\-:&,\
D)

NE % .."-_

ﬁ o.. l-.

— ... ..

© -6 _| s "
10 ", .

107

10" 10° 10’ 102 10° 10* 10°
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FIG. 8. Impedance spectroscopy of PSCs in the dark for the different PSCs
analyzed.

Nb,Os underlayer influences the crystal growth or the crystal grain
size. We believe that the pores on TiO, films, Fig. $4, are responsible
for this effect. Through the pores, the PVK precursor solution infil-
trates reaching the compact layer. Wettability is most probably respon-
sible for the increase in grain size and is dominated by the substrate.
Considering that the perovskite precursors are soluble in a polar sol-
vent, such as DMF, the precursors show a strong affinity for hydro-
philic surfaces.”” Therefore, hydrophobic substrates may induce a
noncontinuous perovskite layer or lead to pinholes formation due to
poor wetting. In our case, the difference in wettability may come from
the higher purity of the Nb,O5 grown by sputtering deposition.

CELIV and photo-CELIV results, Figs. 5 and 6, showed that the
mobility and charge extraction are higher in ETL-RS PSCs. The grain
size may be responsible for this effect.”"”” Bigger grains are related to
fewer grain boundaries (GBs) that are known to be defect-rich."**
In addition, as expected, the ion diffusion observed in the low-
frequency range (~10-100 Hz), Fig. 8, is higher in ETL-SC PSCs.”
Ion diffusion is normally associated with non-radiative recombina-
tion.”® Our results corroborate that, see Fig. 7.

With regard to the capacitance measurements, Fig. 8, in the
model of Almora,* the drop in capacitance is associated with the bal-
ance in the occupation of deep and shallow traps. Our results show
that Nb,Os-SC PSC has a capacitance drop at lower frequencies,
~10® Hz, indicating that the defects are deeper in this device.” "'

As a final comment, although both techniques can be used in
large-scale production, solution-based deposition are associated with
lower costs and are easier to implement.

IV. CONCLUSIONS

The use of different Nb,Os-ETL compact layer deposition pro-
cesses was found to influence the performance of double cation
mixed-halide Csj;,FA(g3Pb(Iyg3Bro17); solar cells. It was observed
that the crystal grain size and perovskite film morphology are
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influenced by the ETL compact layer. In particular, the Nb,O5 com-
pact layer grown by RF-sputtering had higher wettability resulting in
PVK with larger grain sizes. The mesoporous TiO, layer between PVK
and Nb,Os films was found to have little impact on the effect. In sput-
tered compact layer PSCs, the charge mobility and extraction are
found to be higher.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional characterizations
such as SEM, XRD and mean crystallite size, EQE, best -V curves,
and photo-CELIV parameters.
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