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ABSTRACT: To effectively utilize solar energy, semitransparent
solar cells are essential in various fields such as building-integrated
solar power generation and portable solar chargers. We report
triethylenetetramine (TETA)-doped graphene (Gr) transparent
conductive electrode (TCE)-based LaVO, semitransparent solar
cells. To optimize the Gr TCE, we varied the TETA molar
concentration (np) from 0.1 to 0.3 mM. TETA-doped Gr (TETA-
Gr)/LaVOy semitransparent solar cells exhibit the highest 1.45%
efficiency and 62% average visible transmittance at np = 0.2 mM.
These results indicate that the TETA-Gr/LaVOj structure not only
harvests solar energy in the ultraviolet—visible region but also
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exhibits translucency, thanks to the thin film. Thanks to its translucent properties, we improved the power conversion efficiency
(PCE) to 1.99% by adding an Al reflective mirror to the semitransparent cells. Finally, the device’s PCE loss is only within 3% for

3000 h in air, suggesting good durability.

1. INTRODUCTION

Concentrated interest in renewable energy is growing due to
alarming climate change around the world." Among new and
renewable energy, a solar cell with a safe energy supply form is
a device that directly converts electricity using solar energy.”
To continue the growth of solar energy, obstacles need to be
addressed, that is, the low energy density of solar lighting. One
way to increase energy density is to integrate semitransparent
photovoltaic modules into skyscrapers, unwanted transparent
surfaces in automobiles, and window panels in private homes.
Currently, organic and perovskite materials are attracting
attention as candidates for semitransparent solar cells, and
anodes/cathodes used in semitransparent solar cells are
generally transparent conductive oxides (TCOs) and metal
electrodes.>™'° However, both the TCO and metal electrodes
are disadvantageous in terms of light transmittance (T),
making them unsuitable for semitransparent solar cell
applications. In addition, organic and perovskite solar cells
have excellent efficiency, but their low durability limits their
commercialization."' ™"

On the other hand, graphene (Gr) with perfect light T, high
carrier mobility, thermal stability, and excellent conductivity
has recently been spotlighted as a next-generation transparent
conductive electrode (TCE)."*™'® If Gr TCE is used in
semitransparent solar cells, the aperture ratio can be increased
while being visually transparent. Although pristine-Gr shows
excellent T in the 300—1000 nm region compared to
conventional TCO, it has limitations in high-performance
semitransparent solar cells due to its low conductivity. For
high-performance semitransparent solar cells, a method to
improve the conductivity while maintaining excellent T of Gr is
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required. Chemical doping is one of the techniques to reduce
the sheet resistance (R,) of Gr simply,'”~>* but the R; of Gr
increases over time due to deterioration in air. Therefore, it is
very important to find a dopant that can maintain the R, of Gr
for a long time at room temperature. In a previous report,ZI_23
we demonstrated high T and long-term stability in the
atmosphere for triethylenetetramine (TETA)-doped Gr
(TETA-Gr). In addition, the TETA-Gr-based solar cell device
demonstrated high stability.**

Among the perovskite oxides, LaVOj; can be fabricated as a
thin film because of its high absorption coefficient.”>~*" In
addition, it is advantageous from an economic point of view
because the supply and demand conditions are excellent.
Considering these conditions, the LaVOj; film is suitable for
use as a practical semitransparent solar cell with long-term
stability. Here, we successfully demonstrate a TETA-Gr/
LaVO; heterojunction solar cell as a function of doping
concentrations (np,). The power conversion efficiency (PCE)
of the device is maximized to be 1.45% at ny = 0.2 mM due to
the R, and T correlation of TETA-Gr and the ideality factor
(n) and decay/rise time ratio in the device. Besides, the
device’s average visible T (AVT) is 62% translucent. To
improve the performance of the translucent TETA-Gr/LaVO;,
solar cell, we use an Al mirror to increase the unit current
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Figure 1. AFM topographical images of TETA-Gr for nj, = (a) 0 and (b) 0.2 mM and (c) XPS spectra of TETA-Gr for np, = 0 and 0.2 mM. (d)
Work functions, (e) sheet resistance, and (f) transmittance of single-layer Gr TCEs doped by TETA with different concentrations (np) of 0, 0.1,

0.2, and 0.3 mM.
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Figure 2. (a) AFM morphological images, (b) cross-sectional SEM image, (c) XPS spectrum, and (d) transmittance spectrum/real image of LavO,

film.

density by about 33%, improving the PCE to 1.99%. Finally,
the device’s PCE retains 97% of its original PCE even after
3000 h in an atmosphere with 25 °C temperature and 35—40%
relative humidity.

2. EXPERIMENTAL SECTION

2.1. Fabrication of TETA-Doped Graphene/LaVO;
Semitransparent Solar Cells. To synthesize the LaVO,
film on the quartz substrate, we deposited them using a
radio frequency magnetron sputtering system under a H,
(35%)/Ar mixture gas atmosphere for 4 h. Single-layer Gr
on a Cu foil substrate was grown while injecting CH, and H,
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gases in a chemical vapor deposition (CVD) furnace at 1000
°C. Sequentially, it was transferred onto a LaVOj; substrate
through a well-known wet process. To prepare molar
concentration (np)-dependent TETA solutions, we dissolved
different amounts of TETA molecules in ethanol. We prepared
np between 0 and 0.3 mM. To adsorb TETA molecules on the
pristine-Gr surface, they were spin-coated at 3000 rpm for 1
min and immediately annealed at 70 °C for 30 min. To
complete the semitransparent device, we deposited Ag and Au
films as the top and bottom electrodes, respectively. We fixed
the active area of the device to 25 mm”.

https://doi.org/10.1021/acsomega.3c00598
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Figure 3. (a) Schematic/real image of the TETA-Gr/LaVO; device/and (b) energy band diagram of a typical pristine-Gr(P-Gr)/LaVO; and
TETA-Gr/LaVOj solar cell. (c) Typical J-V curves and (d) EQE spectra of solar cells under 1 sun illumination (100 mW/cm? air mass 1.5 global)

as a function of np,

2.2. Characterizations. To acquire the topographical
images of bare- and TETA-Gr, we used a non-contact atomic
force microscope (Park System model XE-100). To check the
atomic bonding state of TETA-Gr, we measured and analyzed
the X-ray photoelectron spectroscopy (XPS) spectrum by the
Al ka line with 1486.6 eV. Ultraviolet (UV)—visible T/
absorbance spectra covering the 300—1000 nm wavelength
range were measured by a Varian Cary-5000 spectropho-
tometer. To measure the R, and work function for TETA-Gr
TCE, we measured 4-probe method (Dasol-eng model FPP-
HS8-40K) and Kelvin-probe force microscope (Park System
model XE-100). To complete the solar cell, we deposited Ag
and Au on the front and rear electrodes, respectively,
considering the work functions of TETA-Gr and LaVOj,
materials. To measure the photovoltaic parameters of the
TETA-Gr/LaVO; device, we investigated the current density—
voltage (J—V) behavior under a solar simulator (McScience
model K201) with 1 sun (100 mW/cm?, air mas 1.5 global).
The device’s external quantum efficiency (EQE) was measured
by using a Newport 74125 instrument.

3. RESULTS AND DISCUSSION

An atomic force microscopy (AFM) image in Figure lab
shows the surface morphology of TETA-Gr sheets for np = 0
and 0.2 mM. Figure 1c shows the XPS spectra of C Is, N Is,
and O 1s core levels for TETA-Gr sheets at n, = 0 and 0.2
mM. As expected, the N 1s peak exists only on the TETA-Gr
surface, thereby suggesting successful doping of the TETA.
Figure 1d shows the work function of TETA-Gr as a function
of np. The work function of pristine-Gr is —4.57 eV and
decreases monotonically to —4.41 eV as np increases to 0.3
mM, demonstrating n-type doping.”’ Electron-donating
aromatic molecules such as —amine (—NH,) and —dimethyl
(—CHj;) bind stably to Gr to form n-type Gr.”'~>* The R,
decreases monotonically from ~590 to 208 €/sq as np
increases up to 0.3 mM (Figure le), consistent with the
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previous literature.”® Figure 1f shows the T of TETA-Gr for
different np. Unlike metal particles, the T of Gr doped with
TETA is almost constant regardless of np.”>** To confirm the
potential of TETA-Gr as a practical TCE, a composite manner
analysis of R; and T is required. In general, the performance of
a TCE is evaluated by calculating the ratio of DC conductivity/
photoconductivity (opc/ GOP) by the following equation T = {1
+ (Z,/ ZRS)(UQP/ onc)} 5 where Z is the impedance of free
space. High T and low R indicate high opc/0,,, which means
good TCE. Figure 1f shows the calculated opc/0,, values for
TETA-Gr as a function of np, reaching a maximum of ~38 at
np = 0.2 mM.

Figure 2a presents a cross-sectional image of LaVOj;
measured by a scanning electron microscopy (SEM) instru-
ment. Figure 2b shows an AFM image of the surface
morphology of the LaVOj; film. From the AFM images, the
surface roughness (Rq) was measured to be 0.95 nm. Figure 2¢
shows the XPS binding energy spectrum of the LaVO; film.
Here, the spin—orbit splitting difference between La 3d and V
2p central peaks means that the La/V atomic ratio is close to 1,
suggesting that the LaVO; film is well formed. Figure 2d shows
the T of the LaVO,/quartz for wavelengths from 300 to 1000
nm. The T of LaVO; is >60% in the visible light region, and
the AVT is 64%. These results suggest that LaVOj is a suitable
active layer material for semitransparent optoelectronic
devices.

Figure 3a shows a schematic diagram of a heterojunction
solar cell composed of TETA-Gr TCE and light-absorbing
material LaVO;. The energy band diagram of a typical TETA-
Gr/LaVO; solar cell is shown in Figure 3b. Here, the Fermi
level and band gap of LaVOj; are quoted from the previous
literature. Figure 3c shows the photovoltaic properties of
TETA-Gr/LaVOsj solar cells with different n, under simulated
1 sun illumination (100 mW/cm?). The pristine-Gr/LaVO,
device displays 0.16S V open-circuit voltage (V,.), 5.95 mA/
cm?, short-circuit current density (J,.), 36.46% fill factor (FF),

https://doi.org/10.1021/acsomega.3c00598
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Table 1. Photovoltaic Parameters of TETA-Graphene/LaVO; Solar Cells for Various ny

np (mM) V,. (V) Joe (mA/cm?) integrated J,. (mA/cm?) FF (%) best PCE (%) average PCE (%)
0 0.165 5.95 5.65 36.46 0.36 0.32 + 0.04
0.1 0.240 7.58 7.17 56.25 1.02 0.88 + 0.14
0.2 0.275 8.60 8.27 61.18 1.45 129 + 0.16
0.3 0.280 8.43 7.98 59.69 1.41 1.26 + 0.15
(a) (b) (c)
5[ Dark condition Rise time Decay time
107 0 7N\
e S 5
s s g
< . s <
2107 g £
[} [ (4
: : :
o o o
£ n, (mM) o T |n_(mM)
2107 - 0 I &
3 E HE
~- 02 G |, 6| . 02
—- 0.3 4 l 4 . 03
.9 ) ) ) \ . , ,
10 0.2 0 150 300 450 450 600 750 900
Voltage (V) Time (us) Time (us)

Figure 4. (a) Dark I-V curves and (b,c) normalized transient PCs of TETA-Gr/LaVOj solar cells for various L,. The measurements were carried

out at V' = 0 under pulsed-laser excitation at 532 nm.

and 0.36% PCE. Best solar cell performance 0.275 V V. 8.60
mA/cm? ], 61.18% FF, and 1.45% PCE was obtained by
TETA doping at np = 0.2 mM. On the other hand, PCE
reaches saturation at np > 0.2 mM. The photovoltaic
parameters are summarized as a function of the corresponding
np in Table 1. The highest average PCE for 10 cells as a
function of np was obtained as 1.29 + 0.16% at np = 0.2 mM
(Figure S1).

In all TETA-Gr/LaVO; solar cells, PCE increases with
significantly improved V.. and FF compared to pristine Gr-
based devices. These results can be explained by the following
reasons: first, n-type doping by TETA increases the Fermi level
of Gr by acting as an electron donor. The height of the
corresponding Schottky barrier in the TETA-Gr/LaVO; cells is
found to be increased compared to the pristine Gr-based
device (Figure 3b).”" This explains the systematic increase in
V.. with increasing np. Nevertheless, the reason for the small
V. is that the leakage current increases due to the formation of
a small built-in potential in the TETA-Gr/LaVO; junction,
resulting in a small V. Second, the improved FF of the device
under illumination is mainly due to the reduced R, with the
increased carrier concentration of Gr.

Figure 3d exhibits the EQE spectra from 300 to 1000 nm as
a function of np. EQE is calculated from the photo harvesting
efficiency, charge injection/transfer efficiency, and charge
collection efficiency.’*> As shown in the EQE spectrum, the
EQE gradually increases up to 0.2 mM but decreases slightly at
np > 0.2 mM. These characteristics are consistent with ], as
summarized in Table 1, thanks to the close relationship
between J,. and integrated values of EQE.’"*

We also evaluated the n from the dark J—V behaviors, as
shown in Figure 4a. Here, n was calculated by the thermal ion
emission theory formula: J = J, [exp (eV/nkT) — 1],>*** where
J is the ideal reverse saturation current density. As a result, the
n values were 2.85, 2.44, 2.12, and 2.26 at np = 0, 0.1, 0.2, and
0.3 mM, respectively. A small n means less probability of
recombination at the interface. These results explain why the
largest PCE at np = 0.2 mM. Figure 4b displays the transient
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photocurrent (PC) of the device as a function of np,. The rise/
decay times were found to be 268/547, 286/634, 292/892, and
295 ps/83S ps for ny = 0, 0.1, 0.2, and 0.3 mM, respectively
(Table 2). Here, the rise/decay times of each device were

Table 2. Rise/Decay Times and Gain of the TETA-
Graphene/LaVO; Solar Cells as a Function of ny,

np (mM) T (s) Tgecay (15) gain
0 268 547 2.04
0.1 286 634 222
02 292 892 3.05
03 295 835 2.84

calculated through a fitting program. The meaning of rise/
decay times is as follows: the time required for the carrier to be
generated and then swept with a drift current proportional to
the built-in electric field of the cell/the lifetime of the carrier.
The gain can be estimated from the ratio of the decay/rise
times, thereby estimating the device’s carrier collection
efficiency. The gains were calculated to be 2.04, 2.22, 3.05,
and 2.84 for np = 0, 0.1, 0.2, and 0.3 mM, respectively,
suggesting that the PC efficiency of the cell can be maximized
by controlling np. In summary, the results show why the PCE
is the largest for TETA-Gr/LaVO; with np = 0.2 mM.

One of the ways to increase the PCE of a semitransparent
TFTA-Gr/LaVO; cell is to improve the efficiency by re-
absorbing the transmitted light into the device. Al mirror can
reflect light effectively in the UV—visible region (Figure S2).

Figure Sa presents the T spectrum of the TETA-Gr/LaVOj,
semitransparent cell at #n, = 0.2 mM. The AVT corresponding
to the 400—800 nm range of the cell is 62%, indicating
translucency. To improve the efficiency of the device, we
measured the photovoltaic parameters using an Al reflection
mirror that can effectively reflect light in the UV—visible
region. Figure Sb shows a schematic diagram of how a
translucent device improves the efficiency by an Al reflection
mirror. The measured J,, V,, FF, and PCE in the system with
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Figure S. (a) Transmittance spectrum of a typical TETA-Gr/LaVO; at ny = 0.2 mM. The inset images show the semitransparent TETA-Gr/
LaVO;. (b) Schematic diagram of a semitransparent solar cell with an Al reflective mirror. (c) J—V curves of the semitransparent cell with an Al
reflective mirror under illumination from the TETA-Gr side. (d) EQE spectra of devices with/without Al mirror.
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Figure 6. Changes of (a) ]—V curve and (b) normalized PCE of the TETA-Gr/LaVOj solar cell with np = 0.2 mM under ambient conditions of 25

°C temperature and 35—40% humidity for 3000 h.

Table 3. Comparison of Maximum PCEs and Their Stabilities of Previously Published Representative Graphene—TCE-Based

Semiconductor Solar Cells

area

device (mm?)
PMMA/TETA-Gr/n-Si 14
TFSA-Gr/Gr quantum dots/porous Si/n-Si/BCP 9
Gr/PEDOT/PSS/Si nanowires/TiO, 16
Ag nanowire-Gr/Si quantum dots/n-Si 16
TFSA-Gr/MoS,/P3HT/PCBM N
Au nanoparticles & TFSA-Gr/Gr quantum dots/MAPbI;/PCBM 16
TFSA-Gr/BCP/MAPbI;/Gr quantum dots/MAPbI,/PTAA 16
Gr/SAM/GaAs 4
TETA-Gr/LaVO, 25

original PCE degraded PCE degradation ratio time
(%) (%) (%) (h) refs
5.48 5.37 2.0 700 23
13.66 12.37 11 700 35
3.56 2.39 32 700 36
16.2 13.28 18 700 37
9.60 8.42 10 500 38
17.1S 12.35 28 700 39
15.63 14.38 8 500 40
11.1 9.32 16 4000 41
1.45 1.40 3 3000  this work

Al mirrors are 11.41 mA/cm? 0.275 V, 63.38%, and 1.99%,
respectively, an approximately 33% increase in PCE compared
to the device without Al mirror. J,. obtained from the EQE
spectrum of the device with an Al mirror is 10.97 mA/cm?,
demonstrating a significant enhancement of EQE over a wide
wavelength range of 400—800 nm compared to the device

18699

without Al mirror. These results suggest a significant
improvement with the increasing light harvesting efficiency.
To check the device’s long-term stability, we monitored the
evolution of the PCE for 3000 h (Figure 6). Here, the
measurement environment of the device was measured at a
temperature of 25 °C and relative humidity of 35—40%. As a
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result, the loss of PCE is within 3% of the original PCE
(absolutely from 1.45 to 1.40%) during 3000 h (Figure 6b),
suggesting higher stability than Gr-based semiconductor solar
cells (Table 3).>**~*" This result can be explained that the
PCE of the TETA-Gr/LaVOj cell is almost constant because
the TETA molecule with a high-molecular weight and a
functional group of ethylene amine in bonding to Gr is very
stable at air.*”

4. CONCLUSIONS

We fabricated semitransparent solar cells with n-type Gr TCE
and LaVO; heterojunctions. At np = 0.2 mM, the TETA-Gr/
LaVOj; device with 25 mm? active area achieved 1.45% highest
efficiency and 62% AVT. To improve the photovoltaic
properties, we increased the maximum PCE to 1.99% by
adding an Al mirror to the translucent device. These results
demonstrate the realization of stable translucent solar cells
owing to LaVO; thin films and TETA-Gr TCE with high
transparency and stability in the air. Furthermore, the device
demonstrates remarkable stability, showing comparable levels
of the original efficiency even after 3000 h under the
atmosphere (25 °C temperature/35—40% relative humidity).
This approach proposes a method for fabricating stable
translucent optoelectronic devices that can simultaneously
achieve the solar efficiency as well as visual effects. It also
suggests a very promising new route to develop stable Gr
TCE/oxide semiconductor solar cells.
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