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A B S T R A C T

Flexible and semitransparent solar cells are emerging as promising solutions for wearable devices and building- 
integrated photovoltaics. Here, we demonstrate for the first time a PEDOT:GQDs/LaVO3 heterojunction solar cell 
that combines the strong light absorption of LaVO3 with the improved conductivity and interface stability 
provided by PEDOT:PSS containing GQDs. The GQDs concentration was systematically varied to identify the 
optimal condition, and as a result, the device with 10 mg/L GQDs achieved a power conversion efficiency of 
4.84%, significantly higher than that of the pristine device. In addition, an Al back reflector further enhanced 
light harvesting, improving efficiency to 5.35%, i.e. about 10% increase in relative efficiency. The solar cell 
showed a 39% drop from its initial efficiency after 2000 h under ambient conditions (30 ◦C and 40-45% relative 
humidity) and less than 14% degradation after 3000 bending cycles (curvature radius of 4 mm), confirming 
excellent long-term and mechanical stability. These results highlight the strong potential of the PEDOT:GQDs/ 
LaVO3 architecture for reliable and efficient flexible photovoltaic applications.

1. Introduction

In recent years, flexible and semitransparent solar cells have 
emerged as promising candidates for next-generation wearable elec
tronics, portable power sources, building-integrated photovoltaic ap
plications, and vehicle sunroofs [1–5]. These devices are especially 
attractive because they can deliver both daylighting and energy har
vesting, offering high space efficiency and straightforward integration 
into existing structures and consumer products [6,7]. Accordingly, 
developing lightweight and flexible semitransparent photovoltaics with 
versatile design options has become an important research direction.

Among various absorber materials, LaVO3 has emerged as an 
attractive candidate due to its high optical absorption from the ultra
violet (UV) to the visible region, which allows for efficient light har
vesting even with thin films [8–12], making it well suited for lightweight 
and flexible photovoltaic applications. To further improve the perfor
mance of LaVO3-based devices, it is essential to adopt an effective hole 
transport layer (HTL) that ensures high conductivity, excellent optical 
transparency, and good mechanical compatibility with flexible sub
strates. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) has been widely used as an HTL because of its 

advantages such as antireflection, interface passivation, facilitation of 
hole transport, and good optical transmittance [13–16]. However, the 
inherently low conductivity of PEDOT:PSS can limit the power conver
sion efficiency (PCE) and long-term device stability [17–19]. To over
come this limitation, carbon-based nanomaterials such as graphene 
quantum dots (GQDs) have recently been introduced to improve the 
electrical conductivity, carrier mobility, and chemical stability of 
PEDOT:PSS [20–22]. In our previous study, we demonstrated PEDOT: 
GQDs/porous Si solar cells that exhibited enhanced efficiency following 
the incorporation of GQDs [23]. However, the inherent rigidity of 
Si-based substrates limits their application in semitransparent and 
flexible photovoltaics. In contrast, LaVO3 films integrated onto flexible 
substrates facilitate semitransparent operation while maintaining me
chanical flexibility. Consequently, incorporating GQDs into PEDOT:PSS 
is expected to significantly improve the power conversion efficiency and 
durability of these flexible solar cells.

Here, we first report a flexible and semitransparent solar cell based 
on a PEDOT:GQDs/LaVO3 heterojunction structure and systematically 
analyze its photovoltaic parameters as a function of GQDs concentra
tion. In addition, to confirm its practical feasibility as a flexible solar 
cell, both long-term stability and mechanical stability were evaluated.
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Fig. 1. (a) Cross-sectional SEM image of the LaVO3 thin film. (b) Its corresponding XPS spectrum. (c)-(d) Optical bandgap energy derived from spectroscopic 
ellipsometry and UPS spectrum measured on a LaVO3/Si sample. (e) Optical transmittance spectrum of the LaVO3 film measured on a PET substrate.

Fig. 2. (a) TEM image, (b) EELS spectrum, (c) Raman spectrum, and (d) UV–vis absorbance spectrum of the GQDs. The inset in (d) shows a photograph of the 
GQD solution.
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2. Experimental section

2.1. Fabrication of PEDOT:GQDs/LaVO3 solar cell

Prior to deposition, the PET substrate was sequentially cleaned in 
ultrasonic baths of acetone, ethanol, and deionized water, and then 
dried with N2 gas. Simultaneously, pre-sputtering of the LaVO3 target 
was performed to stabilize the chamber conditions. Subsequently, the 
LaVO3 thin film was deposited onto the PET substrate at room temper
ature using RF magnetron sputtering of a LaVO3 target at a power of 100 
W under a mixed gas atmosphere of 35% H2 and Ar. GQDs with an 
average diameter of approximately 5 nm were first dispersed into a 
PEDOT:PSS solution (Clevios PH 1000). The resulting PEDOT:GQDs 
composite solutions were prepared with defined GQDs concentrations 
(nG) ranging from 5 to 20 mg/L. The concentration was controlled by 
adjusting the amount of added GQDs powder. The resulting mixture was 
spin-coated onto the LaVO3 film at 3000 rpm for 40 s and thermally 
annealed at 100 ◦C for 30 min. The device was completed by depositing 
Au and Ag films as the top and bottom electrodes, respectively.

2.2. Characterizations

The thickness of the LaVO3 thin films was examined using field- 
emission scanning electron microscopy (FE-SEM, Carl Zeiss, LEO 
SUPRA 55). The atomic bonding states of LaVO3 and GQDs were 
analyzed by X-ray photoelectron spectroscopy (XPS) employing an Al Kα 
source (1486.6 eV). The morphology and size distribution of the GQDs 
were investigated using high-resolution transmission electron micro
scopy (HRTEM, JEOL model JEM-2100F) coupled with electron energy 
loss spectroscopy (EELS) mapping. To further verify the presence of 
GQDs, absorbance, photoluminescence (PL), and Raman spectra were 

measured. The sheet resistance of the PEDOT:GQDs films was measured 
using the four-probe van der Pauw method (Dasol eng., model FPPHS8- 
40K). Transmittance spectra (Varian, model Cary 5000) and X-ray 
diffraction (XRD) patterns were recorded to compare the optical and 
structural properties of PEDOT:PSS and PEDOT:GQDs films. To perform 
Hall-effect measurements, PEDOT:GQDs films were prepared on quartz 
substrates under identical fabrication conditions. The electrical prop
erties were evaluated as a function of GQD concentration using a Hall 
measurement system (Ecopia, HEM-2000) employing the van der Pauw 
configuration. To establish Ohmic contacts, indium electrodes with a 
diameter of 500 μm were deposited onto the films via thermal evapo
ration through a shadow mask, followed by post-deposition annealing at 
100 ◦C for 20 min. During the measurements, a magnetic field of 0.37 T 
was applied, while the current was varied from 0.1 μA to 10 mA. All 
characterization was conducted under dark conditions to eliminate any 
influence from ambient light. The photovoltaic parameters of the device 
were characterized by measuring the current density–voltage (J–V) 
curves under standard AM 1.5G solar illumination (100 mW/cm2) using 
a Keithley 2400 source meter under ambient conditions. The external 
quantum efficiency (EQE) was evaluated across the wavelength range of 
300 to 1000 nm using a monochromator-equipped white light source. To 
investigate the evolution of device efficiency under mechanical stress, 
we performed 3000 repeated bending cycles at a curvature radius of 4 
mm and a frequency of 0.5 Hz.

3. Results and discussion

Fig. 1(a) reveals that the LaVO3 film exhibits a uniform morphology 
with a thickness of approximately 200 nm. Fig. 1(b) shows the XPS 
spectra of the LaVO3 film, showing distinct binding energies corre
sponding to La 3d, O 1s, and V 2p. The spin–orbit splitting observed 

Fig. 3. nG-dependent AFM image of PEDOT:GQDs. (a) 0, (b) 5, (c) 10, and (d) 20 mg/L. (e) Transmittance, (f) Sheet resistance, and (g) Hall mobility of the PEDOT: 
GQDs for various nG. (h) XRD patterns of PEDOT:GQDs for nG = 0 and 10 mg/L.
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between the La 3d and V 2p main peaks indicates that the La/V atomic 
ratio is close to the stoichiometric composition of LaVO3 [24]. The op
tical bandgap energy of LaVO3 is estimated to be 1.41 eV, based on Tauc 
plot extrapolation of the absorption coefficient, as shown in Fig. 1(c). 
Using scanning Kelvin probe and UPS analyses, the Fermi level (EF) and 
valence band maximum (Ev) of LaVO3 were evaluated to be 4.87 and 
5.35 eV, respectively, as illustrated in Fig. 1(d). Fig. 1(e) shows that the 
LaVO3/PET structure exhibits more than 45% transmittance in the 
visible region. This result indicates its suitability for semitransparent 
device applications.

Fig. 2(a) shows low-magnification TEM images illustrating the 
overall dispersion of the GQDs, demonstrating that their average size is 
approximately 5 ± 2.2 nm, where the average size was defined as half of 
the sum of the width and length of an individual GQD. In Fig. 2(b), the 
carbon K-edge EELS spectrum obtained from the same region as the 
HRTEM image shows distinct peaks at approximately 285 and 291 eV. 
These peaks correspond to the π* and σ* electronic states, which are 
attributed to the sp2 carbon domains present in the GQDs [25]. As shown 
in Fig. 2(c), the Raman spectrum of the GQDs exhibits well-defined D 
and G peaks, consistent with previous studies [26]. Fig. 2(d) illustrates 
the down-conversion behavior of the GQDs, which absorb UV light and 
emit in the visible region. Absorbance and PL peaks appear at 356 nm 
and 450 nm, respectively [27,28].

Fig. 3(a)–(d) shows the AFM analysis of the surface morphology of 
PEDOT:GQDs films with varying nG. The surface roughness exhibited 
only a slight variation, increasing from 2.49 to 3.95 nm with increasing 
nG. This suggests that the nG affects the film's surface features only 
slightly. Fig. 3(e) presents the transmittance spectra of PEDOT:PSS films 

as a function of nG. The transmittance at 550 nm and the average visible 
transmittance (AVT) across the 400–800 nm range remained largely 
unchanged with varying nG. In contrast, the transmittance in the 
300–400 nm region gradually decreased with increasing nG, which is 
attributed to the GQDs absorbing light in the UV region. Fig. 3(f) shows 
that the sheet resistance of PEDOT:PSS/LaVO3 gradually decreased from 
approximately 311 ± 6 to 219 ± 3 Ω/sq as nG increased. Fig. 3(g) il
lustrates the hole mobility of PEDOT:GQDs as a function of nG. As nG 
increases up to 10 mg/L, the hole mobility of the PEDOT:GQDs is 
markedly enhanced, suggesting that the incorporation of GQDs facili
tates charge-carrier hopping along the PEDOT chains. When the GQD 
concentration exceeds 10 mg/L, the hole mobility begins to decline; 
however, it remains higher than that of the pristine film. This behavior 
suggests that excessive GQD loading leads to a degradation of the 
optimized conductive network rather than its complete disruption, 
thereby resulting in reduced mobility [20,29].

The similar XRD patterns of PEDOT:PSS and PEDOT:GQDs suggest 
that GQDs have little impact on the polymer's crystalline structure, as 
shown in Fig. 3(h).

Fig. 4(a) shows the real image/schematic diagram of PEDOT:GQDs/ 
LaVO3 on the flexible substrate. Fig. 4(b) shows the energy band 
structure of the PEDOT:GQDs/LaVO3 device. Upon illumination, pho
togenerated electrons and holes are generated in the LaVO3 region and 
are efficiently transported toward the Ag and Au electrodes, respec
tively. PEDOT:PSS blended with graphene oxide is known to exhibit a 
benzoid–quinoid structural transition, resulting in an increase in the 
material's work function [30]. Therefore, the work function of PEDOT: 
GQDs is assumed to be higher than that of PEDOT:PSS, consistent with 

Fig. 4. (a) Schematic and (b) energy band diagram of a typical PEDOT:GQDs/LaVO3 solar cell. (c) J–V curves under 1sun illumination and (d) EQE/integrated 
Jsc spectra.

Table 1 
Photovoltaic parameters and electrical characteristics of PEDOT:GQDs/LaVO3 solar cells with varying nG.

nG (mg/L) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Rsh (Ω-cm2) Rs (Ω-cm2) n τrise (㎲) τdecay (㎲) Gain

0 0.367 21.61 54.10 2.77 4173 5.49 3.73 272 423 1.56
5 0.456 28.74 62.00 3.95 5062 4.02 3.18 248 698 2.81
10 0.483 29.86 67.11 4.84 5737 2.68 2.84 232 890 3.84
20 0.508 32.75 65.42 4.42 5469 2.81 2.96 239 845 3.54
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the benzoid–quinoid transition mechanism [31,32]. GQDs are generally 
surrounded by highly oxidized functional groups [33,34], and the 
observed increase in work function upon adding GQDs to PEDOT:PSS 
can therefore be attributed to this structural transition. In the PEDOT: 
GQDs/LaVO3 structure, the improved energy-level alignment can 
reduce the interfacial energy barrier and enhance charge extraction ef
ficiency. Consequently, PEDOT:GQDs-based LaVO3 devices are expected 
to demonstrate enhanced performance.

Fig. 4(c) exhibits the J-V characteristics of the solar cells measured 
under 100 mW cm− 2 for various nG. The control device without GQDs 

showed an open-circuit voltage (Voc) of 0.380 V, a short-circuit current 
density (Jsc) of 13.49 mA/cm2, a fill factor (FF) of 54.10%, and a power 
conversion efficiency (PCE) of 2.77 %. The PEDOT:GQDs/LaVO3 device 
exhibited a maximum PCE of 4.84%, a Voc of 0.410 V, a Jsc of 17.58 mA/ 
cm2, and an FF of 67.11% at nG = 10 mg/L, as summarized in Table 1. 
The PCE slightly decreased to 4.42% at nG = 20 mg/L. This is considered 
to result from disrupted charge transport or increased recombination 
caused by excessive GQDs. These results can be explained by an opti
mized GQDs loading that enhances hole mobility and charge extraction 
efficiency without damaging the PEDOT conductive network.

Fig. 5. J–V curves at the forward scan (FS) and reverse scan (RS) conditions of PEDOT:GQDs/LaVO3 solar cells with different nG.

Fig. 6. (a) Dark I–V curves of PEDOT:GQDs/LaVO3 solar cells as a function of nG. The curves are divided into low- (<0.1 V), intermediate- (0.1–0.4 V), and high- 
voltage (>0.4 V) regions for analysis. (b) Normalized transient photocurrent responses under pulsed 532 nm laser excitation with varying nG.
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Fig. 4(d) presents the EQE spectra and integrated Jsc over the 
300–1000 nm wavelength range for various nG. While optical trans
mittance decreases with increasing GQD concentration, Jsc does not 
follow the same trend, suggesting that the short-circuit current is not 
governed solely by transmittance. Instead, Jsc is primarily determined by 
the visible-light absorption of LaVO3 and the charge transport properties 
of the PEDOT:GQDs layer. At nG = 10 mg/L, improvements in charge 
transport—specifically enhanced hole mobility and reduced sheet 
resistance—outweigh the optical losses. This yields the highest EQE 
across the measured spectral range, which is in good agreement with the 
integrated Jsc [35].

Fig. 5(a)–(d) illustrate the forward and reverse J–V characteristics of 
the fabricated devices. No significant J–V hysteresis was observed within 
the measurement resolution, indicating stable charge transport and 
ensuring a reliable evaluation of photovoltaic performance. This negli
gible hysteresis is attributed to the relatively simple heterojunction 
structure and efficient charge extraction at the PEDOT:GQDs/LaVO3 
interface.

To evaluate the enhanced performance of nG-dependent devices, the 
shunt resistance (Rsh), ideality factor (n), and series resistance (Rs) were 
determined from the dark I–V characteristics, as presented in Fig. 6(a). 
The behavior of the I–V curves is generally governed by different pa
rameters depending on the voltage range: Rsh dominates in the range of 
V < 0.1 V, the n becomes the main influence between 0.1 and 0.4 V, and 
Rs primarily affects the behavior when V > 0.4 V [36]. From the I–V 
curves, Rsh reached its maximum value of 5737 Ω cm2 and Rs was 
minimized to 2.68 Ω cm2 at nG = 10 mg/L. Achieving a high FF requires 
a large Rsh and a low Rs. An increase in Rsh effectively suppresses 
interfacial recombination [37], while a lower Rs enables efficient charge 
extraction, leading to enhanced photovoltaic performance including FF, 
consistent with Table 1. Generally, higher hole mobility facilitates effi
cient carrier extraction; however, Voc is not determined by mobility 
alone and is also significantly influenced by recombination character
istics and interfacial properties. While the maximum Voc is observed at 

nG = 20 mg/L, the device with nG = 10 mg/L exhibits an optimal balance 
between hole mobility and series resistance (Rs). This optimization leads 
to substantial improvements in Jsc and FF, thereby yielding the highest 
overall PCE.

Additionally, the n was extracted using the equation: J = Js [exp (eV/ 
nkT) – 1] [38,39], where Js represents the reverse saturation current 
density, kB is the Boltzmann constant, and T is the absolute temperature. 
Consequently, the n of the device with nG = 10 mg/L was evaluated to be 
2.84, implying reduced electron-hole recombination, thereby leading to 
good diode characteristics.

The transient photocurrent (PC) responses were also evaluated under 
different nG. Here, the rise time is defined as the time required for 
photogenerated carriers within the LaVO3 film to be swept out by the 
built-in electric field of the PEDOT:GQDs/LaVO3 structure. Fig. 6(b) 
shows the transient PC responses measured as a function of nG. Here, the 
rise time denotes the time required for photogenerated carriers within 
the LaVO3 film to be swept out by the built-in electric field of the PEDOT: 
GQDs/LaVO3 structure. Conversely, the decay time reflects the carrier 
lifetime. To extract this value, a single-exponential decay model was 
used: R(t) = A1 exp(–t/τ1) + y0 [40], where τ represents the radiative 
recombination lifetime. From the model equation, the ratio of decay 
time to rise time was used to evaluate the carrier collection efficiency. At 
nG = 10 mg/L, the rise and decay times were measured to be 232 and 
890 μs, respectively, resulting in the highest collection efficiency of 
3.84. The rise and decay times for other nG values are summarized in 
Table 1. Overall, these findings confirm that the introduction of nG = 10 
mg/L significantly enhances the photovoltaic efficiency.

To evaluate the characteristics of the semitransparent device, we 
conducted a further investigation under the condition of nG = 10 mg/L, 
which exhibited the highest efficiency. Fig. 7(a) shows a schematic of 
the device with an Al reflective mirror. To explore the potential of the 
semitransparent structure, the transmittance spectrum of the PEDOT: 
GQDs/LaVO3 device was measured. As shown in Fig. 7(b), the average 
visible transmittance (AVT) in the 400–800 nm range was determined to 

Fig. 7. (a) Optical transmittance spectrum of a representative PEDOT:GQDs/LaVO3 at nG = 10 mg/L. The inset shows photographs of the semitransparent device. (b) 
Schematic diagram of a semitransparent solar cell with Al reflective mirror. (c) J-V curves of the semitransparent cell with an Al reflective mirror under illumination 
from the PEDOT:GQDs side. (d) EQE spectra of devices with Al mirror.
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be approximately 35%. Fig. 7(c) displays the J–V curves of the device 
with/without the Al reflector. As a result, the PCE of the PEDOT:GQDs/ 
LaVO3 device increased to 5.35% with the Al mirror, representing about 
a 10% improvement compared to the configuration without the mirror.

Fig. 7(d) shows the EQE spectra of the devices with the Al mirror. The 
integrated Jsc were 17.89 mA/cm2, respectively, confirming an 
enhanced EQE across the broad wavelength range of 350–800 nm in the 
presence of the Al mirror. This improvement clearly demonstrates that 
the Al mirror effectively enhances light-harvesting, leading to a signif
icant increase in Jsc.

The long-term stability of PEDOT:GQDs/LaVO3 devices at nG = 0 and 
10 mg/L was comparatively evaluated based on the time-dependent 
evolution of their J–V characteristics (Fig. 8(a)–(b)). The storage tem
perature was maintained at 30 ◦C to simulate typical indoor ambient 
conditions. The devices were stored under dark conditions, except 
during intermittent J–V measurements.

Both devices were stored under identical ambient conditions (30 ◦C 
and 40-45% relative humidity), and their photovoltaic performance was 
measured under 1 sun illumination (100 mW cm− 2). After 2000h, the 
PEDOT:GQDs/LaVO3 device retained approximately 61 % of its initial 
PCE, while the PEDOT:PSS/LaVO3 device exhibited a more significant 
degradation, maintaining only about 24 % of its initial efficiency. This 
result indicates that introducing GQDs into PEDOT:PSS mitigates the 
hygroscopic and acidic properties of the PSS component. Conventional 
PEDOT:PSS readily absorbs moisture from the air, leading to an increase 
in sheet resistance and, consequently, a deterioration in device stability 
[41,42]. The low acidity of GQDs effectively suppresses interfacial 
degradation and maintains charge transport stability, thereby enhancing 
the durability of the device.

To further evaluate the mechanical stability, repeated bending tests 
were conducted on the PEDOT:GQDs/LaVO3 with nG = 10 mg/L at a 
curvature radius of 4 mm for up to 3000 cycles, as shown in Fig. 8(c). 
Fig. 8(d) shows that The PCE decreased slightly from 4.83% for the 
initial measurement to 4.04% after 3000 bending cycles, demonstrating 
excellent mechanical robustness. This excellent flexibility is attributed 

to the improved film uniformity and enhanced mechanical robustness 
induced by the GQDs. These findings confirm that the PEDOT:GQDs/ 
LaVO3 device is a promising candidate for flexible optoelectronic ap
plications due to its excellent long-term and mechanical stability.

4. Conclusions

We demonstrated a flexible solar cell based on a PEDOT:GQDs/ 
LaVO3 heterojunction structure. The device with nG = 10 mg/L 
exhibited a significant improvement in PCE, achieving a maximum of 
4.84%, whereas the pristine device showed only 2.77%. The improved 
performance is attributed to the appropriate addition of GQDs, resulting 
in reduced series resistance, enhanced carrier mobility, increased optical 
transmittance, and lowered sheet resistance. Furthermore, the Al back 
reflector improved light harvesting efficiency from 4.84 to 5.35% by 
approximately 10%, which was attributed to the semitransparent 
property of the device. The device with nG = 10 mg/L exhibited excel
lent long-term stability, with its efficiency decreasing by only 39 % 
compared to the initial PCE after 2000 h under ambient conditions. 
Moreover, the device showed excellent mechanical durability, exhibit
ing only a 14% decrease from its initial efficiency even after 3000 
bending cycles. These results confirm that the PEDOT:GQDs/LaVO3 
structure not only improves photovoltaic performance but also ensures 
environmental and mechanical reliability, making it a promising 
candidate for flexible and semitransparent optoelectronic applications.
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