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Abstract

Vacuum deposition of transporting layers, especially hole transporting layer (HTL) is still a big
challenge for thexfabrication of large-area perovskite solar cells (PSCs). Here, we fabricate efficient
and large-area PSCs wusing an inverted architecture and evaporate all the transporting layers in a
thermal evaporation™vacuum chamber. In this work, we employ poly(bis(4-phenyl)(2,4,6-
trimethylphenylamine) (PTAA) as HTL and successfully deposit a compact layer of PTAA with
low thickness (2-10 nm), for the first time, using thermal evaporation. Our optical and ultraviolet
photoelectron spectroscopy (UPS) measurements prove that the evaporated PTAA has a great
match with thetsingle A-cation methylammonium triiodide perovskite film in terms of quenching
effect and band alignment. After fabrication of the inverted architecture using all vacuum
processing, PS@s with) power conversion of efficiencies (PCEs) of 19.4% for small area (0.054 cm?)
and 18.1 % for large-area (1 cm?) are achieved, which are higher than those of solution-based
devices. We also_fabricate flexible PSC with PCE of 17.27% using this approach. Moreover, the

fabricated PSCs tising vacuum technique show negligible hysteresis and good stability, better than
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the devices fabricated on the spin-coated PTAA. This work highlights the potential of vacuum

deposition for scale-up and commercialization of the PSCs.
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Introduction

Unique optoelectronic, properties of organometal halide perovskites with ABX3 (A: MA, FA, Cs; B:
Pb,Sn; C: 1,Br,Cl)'erystal structure make them ideal candidates for the fabrication of high efficiency
solar cells.® During.the past years, extensive efforts have been devoted to improving the efficiency
and stability of the perovskite solar cells (PSCs) by considering compositional engineering,
interface enginéefing; additive engineering, and passivation techniques.>*” These approaches lead
to a certified power conversion efficiency (PCE) of 25.2%, which surpasses the record of all thin
film solar cells:*®**%«In order to fabricate PSCs, there are two approaches for the fabrication of
device, i.e., solution processing and vacuum deposition.”>*® Both approaches have great potential
for fabrication'of*PSCs with PCE over 20%, however, for scale-up and commercialization purposes,
vacuum technigue™has a better potential due to its precise control on the deposition in large area.?*®
Vacuum techniques such as chemical vapor deposition (CVD),? thermal evaporation in one-step?’
or two-step?®, and Tayer-by-layer deposition?®*° have great advantages over solution processing
including fabrication/of high quality and pinhole-free perovskite film with excellent uniformity and
surface coverage, solvent-free processing, reproducibility, scalability, substrate-independent for

deposition, and the poténtial for purification of precursors before deposition.***

In order to fabricate PSCs with all vacuum processing, not only perovskite film but also all transporting
layers should besdeposited by a vacuum method. Regarding electron transporting layer (ETL), high
quality metal oxides Such as SnO,, TiO,, ZnO, etc can be deposited by sputtering.* However, using
thermal evaporation, the quality of these ETLs may not be good enough for high efficiency device. To
address this issue and deposition of all layers by thermal evaporation technique, C60 or other organic
ETLs with evaporation capability need to be employed.**® In fact, for the fabrication of all vacuum
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PSCs with high efficiency, HTL is usually the limiting factor and there are only few choices for this

purpose such as NiO,**

which are not good enough for the fabrication of high efficiency device. In this
regard, Hsiao et al.** fabricated all vacuum PSC with a normal architecture of
ITO/C60/CH3NHgPblgl4,4'-cyclohexylidenebis[N,N -bis(4-methylphenyl)benzenamine](TAPC)/TAP
C:Mo0O3/Mo0s/Ag. They reported PSCs with PCE of up to 17.6%, which is among the best reported
value. Gil-Escrigeet=al*® fabricated PSCs with device structure of ITO/C60:Phlm/C60/mixed cation
perovskite/TaTm/TaTm:Fs-TCNNQ/Au using all vacuum processing and reported PCE of up to 16%. In

1.”® employed the same device architecture as the previous work but

another similar werk;“Longo et a
different perovskite, MAPb(Bro2los)s and obtained PCE of up to 15.9%. All of the reported devices in
the literature employed,normal architecture starting from ETL and the PCE is still far away from the state
of art in the literatures-Therefore, more efforts are required here to further push the PCE of all-vacuum

processing PSCs.

In this work, for‘thesfirst time, we report all-vacuum processing PSCs using an inverted structure by
using only thermal~evaporation technique for all layers. We employ PTAA as HTL and evaporate an
ultrathin layer (optimum thickness: 4 nm) of PTAA on ITO glass. Then, the perovskite film is deposited
on HTL using a layer-by-layer evaporation technique, which provides us a high quality and uniform
perovskite film. F6'complete the device structure, C60 as ETL, bathocuproine (BCP) as buffer layer, and
silver as electrode were thermally evaporated on perovskite film. Using this structure, PSCs with PCEs of
19.4% and 18:1%;are.achieved for small and large area devices, respectively, which are among the best
reported value in the literature. Moreover, we fabricate flexible PSC on Polyethylene terephthalate
(PET)/ITO substrate.and obtain a PCE of 17.27% with a good mechanical property using this approach.
Additionally, .eur devices fabricated by all-vacuum method show negligible hysteresis with good

stability.

Results and Discussion
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In order to evaluate the possibility of PTAA evaporation, we first performed gel permeation
chromatography (GPC) test for the PTAA before and after evaporation, as shown in Figure S1.
From this measurement, the average molecular weight (Mw) of the PTAA before and after
evaporation were.obtained to be 16.02 kDa and 15.97 kDa, respectively. This indicates that the My
of PTAA and possibly its molecular structure are not changed by evaporation. Notably, the My of
our PTAA purchased: from the EM Index company is much smaller than the PTAA from other
company such as the one from Sigma Aldrich (45 kDa). Figure 1a shows the transmittance spectra
of the spin-coated.and evaporated PTAA films. As seen, the transmittance and absorption edge of
PTAA in both ‘cases are almost identical, indicating an average visible transmittance of over 80%
and a bandgap of 3.5,eV. Figures 1b and 1c depict the atomic force microscopy (AFM) images of
the PTAA films,.depesited by solution and evaporation approaches. The average roughness for the
evaporated PTAAiIm (1.6 nm) is slightly lower than that of the solution based PTAA (2.5 nm), as
can be seen in'Figure S2. This indicates slightly more smoothness of the evaporated PTAA film,
which is beneficial for large-scale fabrication. In order to study the charge transfer property of the
PTAA films, methylammonium lead triiodide (MAPDI3) perovskite film was thermally evaporated

on PTAA HTLs using a layer-by-layer deposition technique (Figure $3).%
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Figure 1. (a) Transmittance spectra of PTAA films deposited by spin-coating and evaporation
methods. The finset /images are the contact angles of DMF droplet on the surface of the

corresponding films. AFM images of the PTAA films deposited by (b) evaporation and (c) spin-

coating approaches.

Top-view scanning electron microscopy (SEM) images of the perovskite films deposited on spin-
coated and evaporated PTAA are shown in Figures 2a and 2b, respectively. As can be observed, the
perovskite films havesgood crystallinity in both cases, however, the perovskite on the evaporated
PTAA shows slightly larger grain size. This could be corresponded to the solvent effect (the
residual Toluene molecules left after spin-coating of the PTAA) and the surface quality of the

PTAA. To further study the surface of PTAA in both methods, AFM images of both films were
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studied as shown in Figure S4. From the AFM images, the perovskite film on the evaporated PTAA
shows also slightly larger grain size, which is in good agreement with SEM images. Moreover, we
find that the surface roughness of the perovskite film on the spin-coated PTAA is 254 nm, which
is higher than, that.of perovskite film on the evaporated PTAA (16+3 nm). The surface roughness of
the perovskite [film can induce surface recombination at HTL/perovskite interface, resulting in
lower open circuitavoltage (Voc).*** The crystallinity of the perovskite films deposited on solution
and evaporation based PTAA was investigated by x-ray diffraction pattern (XRD), as can be found
in Figure S5. Asiseen, the perovskite film on the evaporated PTAA film shows peaks with slightly

higher intensity, indicating better quality of the perovskite in this sample.

The optical properties of the corresponding perovskite films were further studied by UV-visible and
photoluminescence (PL) spectroscopies. Figure 3c shows the UV-Visible spectra of both films,
indicating a bandgap.of 1.55 eV in both cases. The PL spectra of both samples shown in Figure 3d
depict the quenching effect of perovskite film deposited on both PTAA HTLs. As seen, the
perovskite film omthe evaporated PTAA demonstrates stronger quenching effect as compared to the
spin-coated one;“confirming the better hole transfer property in this sample. We also confirm this
behavior by using time-resolved PL (TRPL) measurement, as shown in Figure 3e. The fitting
parameters (using“hiexponential equation) can be found in Table S1. From the lifetime
measurements, we can conclude that the perovskite film deposited on the evaporated PTAA has
stronger quenching.effect and thus better hole transfer property compared with the spin-coated

sample.
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Figure 2. Top-view SEM images of the perovskite film deposited on spin-coated (a) and evaporated

b

(b) PTAA HTLs. UV-Visible and (d) PL spectra of the perovskite films, deposited on spin-
coated and eva PTAA HTLs. (e) TRPL spectra of the bare perovskite and perovskites on the

corresponding PTAA HTLs.

In order to investigate the photovoltaic (PV) properties of the representative PTAA HTLs,
perovskite solar cells with inverted architecture were fabricated. Figure 3a and 3b shows the cros-
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sectional SEM image and schematic of the device, respectively. As seen, the device is consisted of
indium-doped tin oxide (ITO) glass, PTAA HTL, perovskite film, C60 as electron transporting
layer (ETL), bathocuproine (BCP) as buffer layer, and silver (Ag) as electrode. All layers here were
deposited by.thermal evaporation technique and we selected single A-cation perovskite, i.e.,
MAPDI; for this study. Figure 3c shows the current density-voltage (J-V) curves of the
representative PS€swmeasured under standard condition (AM1.5G) and reverse bias. The PV
results, summarized in Table 1, indicate a PSC fabricated on spin-coated PTAA with a short circuit
current density (Use)0f 23.02 mA/cm?, a Voc of 1085 mV, a fill factor of 73% and a maximum PCE
of 18.3 %. While by fabrication of device on the evaporated PTAA, a PSC with maximum PCE of
19.4% (Jsc of 23.11 mA/cm?, Voc of 1090 mV and FF of 77%) is achieved. This value is the best
reported PCE in.the.literature for all-vacuum processing device, to the best of our knowledge. The
maximum power-point (MPP) tracking for both devices are measured and shown in Figure 3d,
indicating stabilized PCEs of 18.15% for spin-coated and 19.22% for evaporated PTAA HTLs over
60 s. To validate the Jsc of the presented PSCs, external quantum efficiency (EQE) of the devices
were measured-as can be seen in Figure 3e. Both devices show EQE over 80% in the range of 350-
750 nm. After integration of EQE by the solar spectrum, the Jsc of the PSCs were extracted to be
22.18 mA/cm? and 22.31 mA/cm? for the devices with spin-coated and evaporated PTAA,
respectively. ThesesVvalues follow and confirm the trend of Jsc values obtained from J-V
measurement. Figure S6 depicts the statistic of the PV parameters in the PSCs fabricated on spin-
coated and evaporated PTAA HTLs. As seen, the average values of all PV parameters for the
devices with the evaporated PTAA are higher than those of the devices with spin-coated PTAA,
which is in good.agreement with the J-V curves shown in Figure 3c. In fact, the difference in FF

and Voc is more intensive.
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Figure 3. (a) Cross-sectional SEM image and (b) schematic of device architecture for the PSC
devices fabricated'onithe evaporated PTAA. (c) J-V curves, (d) maximum power point tracking, and
(e) EQE spectra of the PSCs fabricated on spin-coated and evaporated PTAA HTLs. (f) Operational

stability measurement of the PSCs fabricated on spin-coated and evaporated PTAA HTLs.

Stability is the main challenge in the PSC field and need to be addressed before moving toward
commercialization.*” Therefore, we measured the stability of our PSCs under continuous

illumination for 100 h, as shown in Figure 3f. The results show that the PSC with the evaporated
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PTAA maintains 97% of its initial efficiency after 100 h under illumination, which is better than
that of (89%) the device with spin-coated PTAA. This could be due to higher quality of the PTAA

prepared by evaporation and lack of any residual solvent at the HTL/perovskite interface.

Beside the above results, we measured the average value of hysteresis index for both devices, as

shown in Figure.S7. Notably, the hysteresis index (HI) was calculated by the following formula:
HI (%) = ((PCEbackward - PCEforward)/PCEforward)X:I-00

We find that the average value of HI for the evaporated PTAA is 1.25%, which is slightly lower
than that of spin-coated one (1.55%). This can explain better charge transfer property of evaporated
PTAA compared with spin-coated one. We also optimize the thickness of the evaporated PTAA as
can be found in Figure S8. The PV results indicate that 4 nm-thick PTAA is the optimum thickness,
which results in-theshighest efficiency. In fact, the optimum thickness of the solution-based PTAA

layer is 8 nm, twice thicker than that of the evaporated-based PTAA film.*®

In order to further_study the improved PV parameters in the PSCs with the evaporated PTAA,
ultraviolet photeeleetron spectroscopy (UPS) measurement was performed in both cases. From the
UPS results shown in Figure 4a, the valence bands of the PTAA films were estimated to be -5.2 eV
and -5.31 eV forsthe, spin-coated and evaporated samples, respectively. By considering the band
alignment of the"MAPbI; perovskite film from the literature,*® we plotted the band diagram of the
devices with both HTLs, as shown in Figure 4b. We find that the band offset at the
PTAA/perovskite interface is only 90 meV for the evaporated PTAA, which is much lower than
that of the spin-coated PTAA with 200 meV band offset. This can facilitate the hole transfer
between the perovskite film and evaporated PTAA HTL and thus reduce the interface
recombination, resulting in higher Voc.>*®* This result is in good agreement with the quenching
effect observed from TRPL results. We also measured the dark I-V curves of the corresponding

PSCs, as can be observed in Figure 4c. Our results indicate that the PSC with the evaporated PTAA
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has smaller leakage current as compared to the one with the spin-coated PTAA, which can explain

the higher Voc in the device with evaporated PTAA.
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Figure 4. (a) UPS measurement of the PTAA HTLs deposited by spin-coating and evaporation
methods. (b) Band diagram of the corresponding perovskite solar cells with both PTAA HTLs. (c)
Dark 1-V measurement and (d) Nyquist plots of the PSCs fabricated on spin-coated and evaporated

PTAA HTLs. The inset image is the equivalent circuit for fitting of the curves.

In order to evaluate“the role of HTL on the representative devices, electrochemical impedance
spectroscopy (EIS) was measured with zero bias. Figure 4d shows the Nyquist plots of the PSCs
with spin-coated and evaporated PTAA HTLs. The inset circuit shown in Figure 4d was employed
to fit the EIS curves. In this circuit, Rs, Rgec, and C are series resistance, recombination resistance
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and capacitance, respectively. The EIS results posit that the PSC fabricated on the evaporated
PTAA has lower Rs (96 ohm) compared with the device with spin-coated PTAA (142 ohm). This
can explain the higher FF in the device with the evaporated PTAA. Moreover, the device with
evaporated PTAA. shows higher recombination resistance, indicating the better PTAA/perovskite
interface with lower interface recombination. The slightly higher Voc in this device can be ascribed

to the lower interfacesrecombination.

To demonstratethe potential of all vacuum processing in the PSC field, we fabricate large-area (1
cm?) and flexible PSCs. Figure 5a shows the J-V curves of the large-area PSCs fabricated on PTAA
HTLs prepared by spin-coating and evaporation methods. The device with the evaporated PTAA
indicates a PCE of 18.1% (Jsc of 22.9 mA/cm?, Voc of 1088 mV and FF of 72.6%), which is much
better that the PSC fabricated on the spin-coated PTAA (15.02%). The inset graph displays the
MPP curves of the corresponding devices over 60 s, indicating stable PCE over time for both cases.
The statistics of J-Vsparameters, shown in Figure S9, clearly demonstrate the advantage of vacuum
deposition of PTAA HTL. As seen, the average values of all PV parameters are improved using
vacuum approach“in“large area, which can be ascribed to the poor uniformity of the spin-coated
PTAA layer and also the solvent effect. Figure 5b shows the EQE spectra of the corresponding
PSCs with large<areéasand the inset image in this figure shows the photograph of a large-area device
with the evaporated PTAA. As seen in Table 1, the calculated Jsc from EQE curves are well-

matched with.the.ones, from the J-V results.
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Figure 5. (a) J*W.curves and (b) EQE spectra of the PSCs fabricated on spin-coated and evaporated
PTAA HTLsmWith.active area of 1 cm?. The inset photograph in Figure 5b is the large-area device.
(c) J-V curve and (b) EQE spectrum of the flexible PSC fabricated on PET substrate. The inset

photo shows the flexible PSC using this configuration.

In addition to the large-area device, we demonstrate the application of all vacuum approach for the
fabrication offlexible’PSCs. Since the evaporated PTAA does not need any annealing, it would be a
great choice for_the flexible devices. However, for the spin-coated PTAA, annealing at temperatures
over 100 °C israsmandatory step. Therefore, we used PET/ITO as flexible substrate and the PSC
was fabricated on the evaporated PTAA HTL. Figure 5¢ and its inset graph show the J-V curve and
MPP curve of the flexible PSC. Using this approach, we achieve a PCE of 17.27% (Jsc of 22.24
mA/cm?, Voc of 1071 mV and FF of 72 %), which is among the best performing flexible PSCs in
the literature. We also validated the Jsc of this device using EQE measurement, as can be observed

in Figure 5d and Table 1. The inset image in Figure 5d shows the flexible PSC fabricated on the
This article is protected by copyright. All rights reserved



evaporated PTAA. Figure S10 shows the statistic of PV parameters for the flexible PSCs fabricated
on the evaporated PTAA, indicating an average PCE of 16.82%. To evaluate the mechanical
property of our flexible device, we performed a bending test by considering banding radiuses of 4
mm and 3 mm.(Figure S11). We find that our flexible devices retain 85% and 57% of their initial

PCE values with banding radiuses of 4 mm and 3 mm, respectively, after 100 bending cycles.

Table 1. Photovoltaic parameters of the champion inverted PSCs based on spin-coated and evaporated PTAA HTLs

Device (area (cm?)) (;1/% (m ,ijccmz) FF (%) F(’(E/:O')E Jsc(gmnliglz
Solution (0.054) 1085 23.02 73 183 22.18
Evaporation (01054) 1090 23.11 77 194 22.31
Solution (1.0) 1055 22.24 64 15.02 21.8
Evaporation (1.0) 1088 22.9 72.6 18.1 22.1
Flexible (0.054) 1071 22.4 72 17.27 21.7

Conclusions

In summary, we fabricate PSC devices with inverted architecture using all vacuum processing. We
evaporate PTAA as an HTL for the first time in an inverted design and compare it with the solution-
based PTAA. Qur. characterization results reveal that the evaporated PTAA is well-matched with
MAPbI; perovskite film in terms of band alignment and even quenching effect, better than the
solution-based-PTAA. Here, we fabricate all the layers using thermal evaporation which is a great
technique for commercialization. Based on this approach, we achieve maximum PCEs of 19.4%
(0.054 cm?) and 18:4% (1 cm?) for the devices based on the evaporated PTAA, which shows better
PV results and operational stability as compared to the PSCs with solution-based PTAA,
particularly for the large-area device. We find that 4 nm-thick layer of PTAA is the optimum
thickness in order to get the highest PCE. Device characterization results prove that the device on

the evaporated PTAA has lower interface recombination and series resistance, which can explain

This article is protected by copyright. All rights reserved



the better PV parameters in this device as compared to the device with solution-based PTAA. Using

this approach, we also achieve an efficient flexible PSC with PCE of 17.27% and decent flexibility.

Experimental section
Device Fabrication

The ITO glasses were first cleaned by using sonification in different baths for 20 min. The following
baths were usedfor cleaning purpose: Triton X-100 diluted in deionized (DI) water (3 vol%), acetone,
and isopropanol. Then, the substrates were treated by oxygen plasma for 10 min before any deposition.
After cleaning the substrates were transferred into the thermal evaporation chamber and PTAA with
different thickness was thermally evaporated on the substrates with a rate of 0.5 A/s. For the spin-coated
PTAA, a solution of PTAA with a concentration of 2 mg/mL was prepared and spin-coated at 6000 rpm
for 40 s, followed by annealing at 150 °C for 10 min. Afterward, MAPbI; perovskite film was prepared
by a layer-by-layér approach as can be found in the literature.2**° Briefly, the perovskite was deposited in
10 step by sequentially evaporate Pbl, and MAI from two separated crucibles. The substrates were put on
top of the crucible'withra distance of 20 cm. The deposition was performed at a vacuum level of 4 x 10°°
mbar. The Pbl;and MAI were thermally evaporated at rates of 0.5 nm s * and 1 nm s * respectively. A
quartz sensor was‘used,.to monitor the thickness for each layer of each layer. The thickness of both layers
were calibrated using Alpha-Step 200 (Tencor). After finishing the deposition steps, the perovskite film
was annealed.at-200.°C for 20 min. Then, C60 (23 nm, as ETL), BCP (8 nm, as buffer layer) and silver
(100 nm, back contact) were thermally evaporated on the perovskite film, respectively, through a shadow

mask in order to,complete the device architecture.
Film characterization

The morphology of the thin films was characterized by a focused ion beam (FIB)-equipped scanning
electron microscopy (Helios) and atomic force microscopy (Veeco Dimension 3100). X-ray diffraction

(XRD) was recorded by Bruker D8 X-ray Diffractometer (USA). The optical properties of the film
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were studied by a Varian Cary 5 for UV-visible measurement and a Fluorolog 322 Horiba Jobin Ybon Ltd for
PL characterization. A picosecond pulsed diode laser (EPL-405) was employed to measure the TRPL
and for this purpose, the pulse width was 49 ps and the excitation wavelength was 405 nm. The PL
lifetime was calculated by using a biexponential equation: (I(t) = aj exp(-t/;)), where t;and a; are the
lifetime and amplitude for each component, respectively. To study the band alignment, a He | (21.2
eV) photon soureceswas used to record the UPS curves. The measurement was performed by AXIS
NOVA (Kratos Analytical Ltd, UK). GPC measurement was performed accordingly:
Concentration: Ozk=mg/mL; Injection volume: 100 pL; flow rate: 1 mL/min and temperature was

100 °C.
Device measurement

The J-V curve was recorded by a 2400 Series source meter (Keithley, USA) instrument under AM 1.5G
standard conditiof (T80 mW cm 2) using a sun simulator (a xenon lamp with 450 W (Oriel, USA)).
The device area was fixed using a shadow mask during the measurement. During the measurement, the
voltage scan rate was-set to 10 mV/s. The EQE spectra were measured by an Oriel QE-PV-SI (Newport
Corporation) with a constant white light bias (5 mW cm™2). The stability of the PSCs was monitored by
measuring the MPR,of the device in a nitrogen glovebox under continues illumination using an LED
lamp with 1 sun power. For EIS measurement, Solartron Analytical setup was employed, and the
measurement was=performed with zero bias under dark condition. The frequency was changed in

the range of 200 mHz-1 MHz in this measurement.
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In this study, all-vacuum processed inverted perovskite solar cells were developed by thermal evaporation
of PTAA, resulted.insefficiencies of 19.4% and 17.27% for rigid and flexible devices, respectively.
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