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Abstract

dll

ocessed perovskite quantum dots (QDs) are promising candidates for

fabricaty emi-transparent and tandem solar cells due to the band gap tunability. In this

M

work, we synthesize CsPbl; QDs with a stable cubic phase and fabricate efficient perovskite
solar cell using the ligand exchange technique. We grow monolayer graphene by

chemical déposition (CVD) technique and develop a dry process to transfer graphene

or

on top of t e. Based on this approach, an efficient inverted PSC is demonstrated with a

N

high a le transmittance (AVT). After optimization, PSCs based on silver and

{

graphene electrodes with power conversion efficiencies (PCEs) of 9.6% and 6.8% are

U

achieved, ely. Additionally, by tuning the thickness of the active layer, a PSC with

PCE of and AVT of 53% is demonstrated, indicating the potential of CsPbl; QDs for

A

the fabrication Ofsemi-transparent devices applicable in windows.
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Introduc

organic perovskite materials with unique crystal structure of ABX; (A =
organic cl; = metal, X = halide) have been promising candidates for fabrication of
high-perfc@ solar cells due to their alluring advantages such as ease of fabrication, low-
cost procmreat light absorption, bandgap tuneability, high carrier mobility and long
diffusion 4° Due to the presence of organic compounds such as methylammonium
(MA) in :

rovskites, these materials have stability issue, especially in a humid

environmdft, hindering their practical applications.”"" Fabrication of all inorganic perovskite

films sucmium lead triiodide (CsPbls) is an effective way to address this issue.

Interesting as found that CsPbl; perovskite with a black cubic phase has a band gap of
1.72 eV, w is suitable for optoelectronic devices.'* "’ However, this material has a poor
phase .e., the cubic phase of CsPbl; perovskite is converted to a yellow

orthorhongic phase at temperatures below 310 °C, which has much lower light absorption.'®
'8 Therefor, bilization of the cubic phase at room temperature has been a bottleneck
challenge brication of stable CsPbl; perovskite solar cells (PSCs). To overcome this
issue, Estrategies have been developed, compositional engineering'® and phase
conﬁnew this regard, most people have worked on the composition of perovskite

lide salts, organic compounds, and metal elements to increase the entropy

and thus the stability of the system.”*> For instance, Lau et al.** tuned the composition of
ite films by incorporation of calcium and stabilized the cubic phase of the
perovskite film, resulting in a PSC device with over 13% efficiency. In the case of phase

confinement, previously, Waleed et. al.?® successfully grew stable CsPbl; nanowire
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perovskite with cubic phase inside anodized aluminum oxide membranes using CVD
technique for photo-detecting application. Swarnkar et al.”® synthesized CsPbl; QDs

perovskite iﬁ hot injection method and improved the mobility of the perovskite film using

organic s formamidinium iodide (FAI). Using this approach, they showed a

I . .
CsPbl; Qs PSC with a certified efficiency of 13.2%.

In ffact, @sPbl; QDs could be a potential candidate for the fabrication of semi-

G

transparenmcells. Compared to the bulk perovskite materials, CsPbl; QDs can be
processed 1t antbient air and at room temperature with good stability and without damage.

Also, the thic s of the active layer can be easily tuned through layer-by-layer film

3

depositiowgbetter uniformity, smoothness and film coverage than a bulk thin film.*® In

order to make a semi-transparent device, it is necessary to find an alternative top electrode

with high tance. Since a monolayer of graphene has a good conductivity with a high

27-29

transm ¢ oI 98%, it is an excellent candidate for this purpose. However, an effective

way to 1 the graphene on top of the perovskite film, without deterioration of the device
performance, is required. Due to the above advantages of CsPbl; QDs films, especially air-
stability, h is an interesting choice for the fabrication of a semi-transparent CsPbls

QDs PSC 1@ there are other alternative electrodes for the fabrication of semi-transparent

PSCs suc imdium-doped tin oxide (ITO)* and thin metal’’ however, they required an
additio;ing vacuum deposition, which increases the price as compared to the
graphene . Up to now, most of the semi-transparent PSCs reported in the literature
has very T below 35%,”> which is not suitable for application in window.
Conse combining graphene with CsPbls QDs solar cell could be a good solution to

not only reducethe price but also increase the AVT of the device.
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In this work, we successfully transfer CVD graphene on top of CsPbl; QDs perovskite
films as a transparent electrode using a dry process. We fabricate an inverted PSC device
using Cs;! s and replace the silver electrode with graphene on top of the device using
ethylene- (EVA) as an adhesive material and polydimethylsiloxane (PDMS) as a

N I . . :
stamp. Bagd on this approach, we demonstrate a semi-transparent device with a PCE of
4.95% as un AVT of 53% over the visible spectrum. These values are among the best

a

reported v the literature for the semi-transparent PSCs.”®

Results and*disCussion

W:esize CsPbl; QDs using a hot injection method as explained in the

experimengal section and characterize them as shown in Figure 1. High resolution
transmissi on microscopy (HRTEM) results show that the QDs have a cubic shape
with unifo distribution. The average size of the dots is around 9 nm (Figure 1a). The
inset imageE’ ure la indicates an interplanar distance of 0.62 nm, which corresponds to
the (1 of the cubic phase of the CsPbl:.”> Figure 1b shows the optical
characterigtion of CsPbl; QDs in the solution phase. From the UV-visible spectrum, the

bandgap jﬁl 1.81 eV and the QDs show a strong photoluminescence (PL) peak (The

inset ima

(PLQY) 570%.

we CsPbl; QDs films, a ligand exchange technique is employed as reported

the strong emission of the dots under UV light) with PL quantum yield

in the literature.”3We exchange the long oleic acid ligands with lead nitrate and, in order to
improve th ity of the perovskite film, the surface of CsPbl; QDs films is treated with
FAL?® Fi ows the optical characterization of the resulting CsPbl; QDs film. As seen
in Figure lc, the film shows a slight red-shifted PL peak as compared to the QDs in the
solution phase (Figure 1b). This is due to a shorter interparticle distance and an increase in

This article is protected by copyright. All rights reserved.
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QD-QD energy transfer. The band gap of the film is estimated from both UV-visible and PL
spectra to be ~1.79 eV. Figure 1d shows an atomic force microscopy (AFM) image of a
CsPbls Q:lﬁ The AFM imaging indicates a smooth film with a roughness of 4.5+1.5 nm

(see Figur, over, the crystal structure of the CsPbl; QDs film is investigated using

]
two-dimensional X-ray diffraction (2D-XRD), as shown in Figure S2. This result confirms

D
the cubic w of CsPbl; film after ligand exchange.**

Simblg QDs perovskites are stable in ambient air due to the lack of organic

compounds, op graphene-based device is fabricated under ambient condition without
using a nitrogen—SHed glovebox. To transfer graphene on top of the device, we employ a dry

process”’ ¢3Pbl3 QDs PSC, as schematically shown in Figures 2a-2d. We could not

use wet transfer technique in this work (see Figure S3), due to the presence of lead nitrate
ligands omface of CsPbls QDs after deposition, which are soluble in water. The
details s transfer process can be found in the experimental section. Briefly, a monolayer
of gra synthesized using chemical vapor deposition (CVD) on the surface of copper

foil. Then, thin layers of EVA and poly(methyl methacrylate) (PMMA) are deposited on top

of graphene/copper as an adhesive and a protective layer, respectively. Here, we use two

)

layers of graphene to decrease the sheet resistance of the final electrode below 200 ohm/sq?’

(

For the dry transfer process, a PDMS stamp with a hole in its center is employed to facilitate

detaching graphene from the stamp. As shown in Figure 2a, the PDMS stamp is pressed on

t

top of the PMMA/EV A/graphene/copper stack and then the copper foil is etched away from

)

the stack in a copper etchant solution (Figure 2b). Afterwards, the graphene membrane

\

together with PDMS is stamped on top of the PSC device gently and heated up to 70 ‘C for 5
min, as schematically shown in Figure 2c. During the heating step, the PDMS is removed

slowly from the graphene membrane, resulting in a device with a top graphene electrode

(Figure 2d). Figures 2e and 2f show the schematic and cross-sectional-view SEM image of an

This article is protected by copyright. All rights reserved.
5



inverted PSC device based on CsPbl; perovskite QDs. As seen, the device consists of an ITO
glass, a 10 nm-thick layer of Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) as a

hole transpﬁ' layer (HTL), a CsPbl; QDs film as an absorber layer, a 23 nm-thick layer of

C60 as a ansporting layer (ETL), a 8 nm-thick bathocuproine (BCP) film as a
H
buffer laygr and Ag (100 nm) or graphene as back contact electrodes. CsPbl; QDs films are
fabricated gsinBythe procedure reported by Sanechira et al.”® Figure S4 shows ultraviolet
photoelectr ectroscopy (UPS) of CsPbls; QDs films and graphene layer with their
correspondi d diagram. From the UPS and UV-visible results, the valence band (VB)
and cond@and (CB) of CsPbl; films are estimated to be 5.69 eV and 3.9 eV,
respectivel e values are well-matched with the VB of PTAA and the CB of C60, as
shown in ﬁ4. Additionally, based on UPS result, the work function of the graphene

electrode mted to be 4.67 eV, which is suitable to replace Ag electrode in the inverted

PSC ar

dy the role of graphene as a top electrode, PSCs with both Ag and graphene
electrodes are fabricated and characterized. Figure 3 shows the photovoltaic (PV) results of

the PSCs Mand graphene electrodes measured under standard AM1.5G conditions. The
V o

current density-voltage (J-V) curves and the figures of merit for the corresponding PSCs are
N 4

shown in Figure 3a and Table 1, respectively. The device, based on a silver electrode,

demonstrates a typical PCE of 9.6% with a Js; of 11.8 mA/cmz, a Vo, of 1108 mV, and a fill

factor (FF % under reverse scan, while the device based on graphene electrode yields

a lower P 8% with a V. of 1090 mV, a J,. of 10.9 mA/cmz, and a lower FF of 57.5%
under {n. This may be attributed to the higher sheet resistance of the graphene
electrode and contact of graphene electrode with the underneath layers. The sheet
resistance of graphene is about 200 ohm/sq, which is much higher than that of Ag electrode.

Moreover, during the transfer process, there is some possibility of having trapped air at the

This article is protected by copyright. All rights reserved.
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interface of graphene with the underneath layers and thus these issues can potentially affect

on the FF and PCE of the graphene-based device as compared to the reference device. For the

current density, an opaque device with metal electrode shows higher Ji than a semi-

transparemje to the reflectance effect of the metal electrode.”” To improve the FF
 E— :

of the gragene-based PSCs, we employed two layers of graphene on top the device. Table

S1 shows Qct of number of graphene layers on the device parameters. As seen, by

adding mo phene layers, the FF and thus PCE are increased slightly, due to better

S

conductiv f #0p electrode. However, by adding more graphene layers, the AVT of the
device is droppc@. In this study, we find that usage of two graphene layers is the optimum

condition fi ining high PCE as well as high AVT. Additionally, we study the effect of

[TU

active arcgSp photovoltaic parameters of the PSCs, as summarized in Table S2. Our

results shq @ by increase the active area (defined by shadow mask), the FF, J, and thus

d

PCE a slightly, which is mainly due to higher sheet resistance of larger graphene

electrode. A in Figure 3a, our devices also depict negligible hysteresis. Figure 3b shows

M

the maximum power point tracking (MPPT) of the corresponding PSCs. The MPP for the
devices w!t.l Ag and graphene electrodes are 9.2% and 6.4%, respectively, indicating their

stability ogninute under illumination with a low hysteresis effect. Figure S5 shows the
S

average of the hysteresis indices of the PSCs (HI=[(PCEpackward-

h

PCEy, CEpociward] ¥100), which are below 2%. We find that the PSCs with graphene

electro aller HI as compared to PSCs with Ag electrode. To confirm the current

|

density of the PS@'s, we measure the external quantum efficiency (EQE) of the corresponding

Gl

devices and t the Js. from the EQE results, as shown in Figure 3c. The calculated J

from the

A

sults is 10.4 and 9.5 mA/cm® for devices with Ag and graphene electrodes,

respectively, which are in good agreement with the J-V results (Figure 3a).

This article is protected by copyright. All rights reserved.
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Figures 3d and S6 demonstrate the statistics of the PV parameters for the PSCs with
Ag and graphene electrodes (10 devices for each electrode). As seen, the average values of
Js., FF, angﬁ for the device with graphene electrode are lower than those of the device

with Ag e
 EE—
Table 1. WOf merit for the champion PSCs with Ag and graphene electrodes under

e to a lower conductivity of graphene as compared to Ag electrode.

reverse and forwatd scan directions

C

m Voo (mV) Je (mA/em®) FF (%) PCE (%) | J from EQE (mA/cm®)
Ag-backwar 1108 11.8 73.5 9.6
10.4
Ag—fot 1097 11.62 73.9 9.42
Graphene- 1090 10.9 57.5 6.8
9.5
Grapheneffor @ 1081 10.79 57.7 6.73

the transmittance of the PSCs, we tune the thickness of the CsPbl; absorber
layer t sition from 1 to 3 layers. The J-V results of the corresponding PSCs are

listed in Table 2. As seen, by reducing the thickness of the absorber layer from 3 layers to 1

T

layer, the 1S dropped from 5.9% to 3.2%, while the AVT is increased from 39% to 68%.

O

Our resul @ at the device with 2 layers of CsPbl; QDs has a reasonable PCE of 4.95%

with a hi £ 53%, indicating a proper balance between transmittance and PCE. Figure

i

4a shows ghe tragsmittance spectrum of the CsPbl; QDs PSC with graphene top electrode.

g

The inset d Figure 4b depict the photographs of the corresponding device, indicating
its high tr;n‘me. The J-V curves of the corresponding PSC with graphene electrodes are
measu (@ both top and bottom sides of the device (Figure 4c). When the device is
measured from the graphene side, the current density is slightly increased from 8.01 to 8.30
mA/cm’, resulting in a PCE enhancement from 4.95% to 5.11%. This indicates that the

graphene electrode has better transmittance than ITO through the entire solar spectrum,

This article is protected by copyright. All rights reserved.
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especially in the UV regions. In order to further study this point, we measured the EQE

spectra of the PSCs from ITO and graphene sides as shown in Figure 4d. As seen, by

{

measuring the graphene side, the EQE values are higher than its counterpart, especially
in the UV iiagicating the better transmittance of graphene electrode.

N

A igned in the literature, stability is the main challenge in the field of PSCs.**”’

Thereforefiwe mgasured the shelf-life stability of our devices in ambient air (20% RH) over

C

14 days. E a and 5b show the contact angle (CA) of water droplet on top of the PSCs

S

with Ag and grdphene electrodes, respectively. As seen, the CAs are 52° for Ag and 109° for

graphene es, indicating that graphene electrode can protect the PSC in humid

U

environm@ft as compared to the Ag one. Figure 5c shows the shelf-life stability of the

£

correspondin ices, kept in a dark condition with 20% RH over time. Our result reveals
that the g based PSC retains more than 96% of its initial PCE value after 14 days,
indicat eat air stability as compared to the Ag-based PSC. The PSC with Ag electrode

maintaj o of its initial PCE value after 14 days, demonstrating its lower stability, mainly

M

due to the oxidation of silver electrode in the air.

[

Table 2. Figures of merit for the PSC devices with graphene electrode and different
thickness CsPbl; QDs layer under reverse scan direction
Nu 5 AVT (%) (Thickness of
Vo (mV) | T (mA/em?) FF (%) PCE (%)
CsPb CsPbl; (nm))
1 092+11 5.2+0.82 56.4+3.4 3.2+0.7 68 (103)
P 091+12 8.3+0.92 57.1+4.3 4.9+0.8 53 (192)
3 1087+13 10.4+0.85 54.2+4.8 5.9+0.9 39 (293)

In order to compare the PCE and AVT of our semi-transparent device with the state of

art in the literature, we plotted a PCE versus AVT graph containing our best performing

This article is protected by copyright. All rights reserved.
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device and the best performing semi-transparent PSCs reported in the literature.’”” As shown
in Figure S7, most of the reported PSCs have PCE in range of 7-12% and low AVT of 20-
35%. In co our device shows a decent PCE of 4.95% and a very high AVT of 53%.
These reﬁte that our semi-transparent device could be a better choice for

apphcatlo! in the windows as compared to the devices reported in the literature due to its

higher tran@ce.
Conclusiom

In summary, we synthesize stable cubic phase of CsPbls; QDs and fabricate PSC
devices uad exchange under ambient conditions. We find that CsPbl; perovskite QDs
are good @es for the fabrication of semi-transparent PV devices. We employ CVD
graphene p electrode and develop a dry transfer process for graphene. After

optimization, chieve inverted PSC devices with efficiencies of 9.6% and 6.8% based on

Agand g e electrodes, respectively. Moreover, we show a semi-transparent CsPbl; QDs

PSC of 4.95% and an AVT of 53%, indicating that CsPbl; QDs is a suitable

candidate for window applications.

L

Experimental section

C

Growth of graphene: Low-pressure chemical vapor (LPCVD) deposition was used to grow

monola on copper foil (Alfa Aesar). After cleaning the copper foil in a nickel etchant

bath (TIMe TFB) by sonification for 2 min and rinsing, the graphene has been grown on

copper foil in a CS) furnace as reported elsewhere.’*
|

Transfer process of graphene: For graphene transfer, a dry transfer process was used. A 40
nm-thick E er was spin-coated on the copper foil, followed by spinning a 300 nm-thick
of PMMA at 4000 rpm for 60s. Then, the copper/graphene/EVA/PMMA stack was annealed

at 75 °C for 3h. In order to perform a dry transfer process, a PDMS mold with a hole in its

This article is protected by copyright. All rights reserved.
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center was attached to the PMMA side to handle the stack easily. Then, the copper foil was

etched away from the stack by floating it on a FeCls-based copper etchant (Transene).

Afterward, aphene/EVA/PMMA/PDMS stack was washed in deionized (DI) water bath

several ti n in a diluted HCL bath (10%vol). After washing the stack in DI water
N E— :

bath and dgying, the stack was stamped on top of the device to transfer the graphene as a top

electrode. @the PDMS was removed from the stack by heating the device at 70 °C for

5 min.

f

Synthesis of €sBb1; ODs: CsPbl; QDs were synthesized according to the procedure reported
in the literature.s Briefly, 0.407 g of Cs;COs, 1.25 ml of oleic acid (OA), and 20 ml of

octadecer: were mixed and degassed in a three-neck flask under vacuum at 120 °C

for 30 mi n Cs oleate in ODE solution with concentration of 0.125 M. Then, nitrogen
was purge flux and the temperature was set to 150 °C, yielded a clear solution.
Afte ! f Pbl, and 25 mL of ODE were stirred and dissolved in a separated flask at
120°C f m, followed by adding 2.5 mL from each preheated (130 °C) OA and

oleylamine (OAm) to the flask. To synthesize CsPbls QDs, the temperature of the flask was
increased MC, while purging nitrogen and then 2 mL of the preheated Cs-oleate (130
°C, 0.125 m injected into the flask. After 10 s, the flask was quenched in an ice bath. To
isolate the 35 mL of methylacetate (MeOAc) was added to 15 mL QDs solution,
followﬁifuging at 7500 rpm for 5 min. Afterward, the supernatant was removed,
and theme redispersed in a sufficient amount of hexane. The dots were purified

several ti ue MeOACc and finally dispersed in hexane and stored in the dark at 4 °C.

s

Device fabrication: The patterned ITO glass was cleaned in the following bathes, 3vol%
triton X100 in D¥ water, DI water, Acetone, ethanol. After drying, the surface of ITO glass
was cleaned by oxygen plasma for 2 min. Then, an 8 nm-thick of poly(triarylamine) (PTAA,

Sigma-Aldrich) was deposited from a solution of 2 mg/mL toluene at 6000 rpm for 40 s (with

This article is protected by copyright. All rights reserved.
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acceleration rate of 2000 rpm/s). The PTAA film was annealed at 100 °C for 10 min in a

nitrogen glovebox.

CsPbl; Qm deposited by spin coating of a QDs solution of 80 mg/mL in octane at

1000 rpm
I

QDs, the frocess was repeated three times. (Notable, the efficiency is dropped upon adding

llowed by 2000 rpm for 5 s. To obtain enough thickness for the CsPbl;

the forth Ig¥er). Between each deposition step, the films were dipped into a saturated solution
of Pb(NOs); inMeOAc and pure MeOAc for 1 s, respectively. After finishing the deposition
and dryianr, the film was further dipped into the saturated solution of FAI in
ethylacetate (EtE ic) to improve the mobility of the CsPbl; QDs perovskite. The fabrication
process c:-glm was performed in the air with 20% relative humidity (RH). After

depositio I; QDs layer, the samples were transferred into a thermal evaporator and

C60 (23 nm), (8 nm), and silver (100 nm) were thermally evaporated on top of the film

under \§07 mbar to complete the device fabrication.

Film characterization: CsPbls film was characterized by a high-resolution scanning electron
|

microscopy (HRSEM, ZEISS Merlin), Atomic force microscopy (AFM, NanoScope

IHa/Dimeh 00) and x-ray diffraction (XRD, Bruker D8 X-ray Diffractometer (USA)

with GA l zing a Co radiation). A Varian Cary 5 and a Fluorolog 322 (Horiba Jobin

Ybon Ltd mployed to measure the UV—visible and photoluminescence (PL) spectra,
respect and diagram of the CsPbl; QDs was analyzed by ultraviolet photoelectron
spectrosc ) in an Omicron ultrahigh vacuum system using a He I line (21.2 eV) of a
helium d amp.

\

Device characterization: All devices were measured using a digital source meter (Keithley

f

model 2400, USA) and a 450 W xenon lamp (Oriel, USA). A Schott K113 Tempax sunlight

filter (Prizisions Glas & Optik GmbH, Germany) and standard silicon solar cell (Newport)

This article is protected by copyright. All rights reserved.
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was used to match the emission spectra of the lamp to the AM1.5G standard. The device area
was 0.054 cm?, which was defined by shadow mask. The voltage scan rate and the dwell time
were set to V/s and 15 s, respectively. The light intensity was 1000 W/m? in accordance
with stan&& For external quantum efficiency (EQE) measurement, a commercial
apparat:s (Arkeo-Ariadne, Cicci Research s.r.l.) with a 300 Watts Xenon lamp was used.

{

[
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Figure 1. @EM image of CsPbl; QDs with a uniform size distribution. The inset image
shows thirmges of one cubic dot with higher magnification. (b) Histogram of particle size
distributia for istI3 QDs estimated from TEM images. (c) UV-visible absorption and
photolum spectra of CsPbl; QDs dispersed in the solution and CsPbl; QDs thin film
deposited on glass. The inset image shows the emission of these dots under UV light. (d)

AFM i the corresponding QDs film.
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Figure 2. -transfer process of graphene on top of PSC device, (a) Stamping PDMS mold
on top of /copper coated by EVA and PMMA respectively, (b) Etching copper and
drying ining part with graphene gently, (c) Stamping the graphene with its polymer

protecti Heating the device up to 75 °C and gently removing the PDMS stamp. (e)

M

Schematic of an inverted PSC device based on CsPbl; QDs as an absorber layer. (f) Cross-

section S e of the corresponding device architecture.
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of champi@n PSC devices with graphene and Ag electrodes. (d) Statistic of PCE for the
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odes. (c) Shelf-life stability test for the corresponding PSCs in ambient air
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