
Research Article
Graphene Quantum Dots Open Up New Prospects for Interfacial
Modifying in Graphene/Silicon Schottky Barrier Solar Cell

Chao Geng,1 Xiuhua Chen,2 Shaoyuan Li ,1,3 Zhao Ding,4 Wenhui Ma,1 Jiajia Qiu,1

Qidi Wang,1 Chang Yan ,3 and Hua-jun Fan5

1Institute of New Energy/State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization, Kunming University of
Science and Technology, Kunming 650093, China
2School of Materials Science and Engineering, Yunnan University, Kunming 650091, China
3Australian Centre for Advanced Photovoltaics, School of Photovoltaic and Renewable Energy Engineering, University of New
South Wales, Sydney 2052, Australia
4Department of Mechanical, Materials and Aerospace Engineering, Illinois Institute of Technology, Chicago 60616, USA
5College of Chemical Engineering, Sichuan University of Science and Engineering, Zigong, Sichuan 643000, China

Correspondence should be addressed to Shaoyuan Li; lsy415808550@163.com

Received 23 July 2020; Accepted 30 October 2020; Published 12 February 2021

Copyright © 2021 Chao Geng et al. Exclusive Licensee Beijing Institute of Technology Press. Distributed under a Creative
Commons Attribution License (CC BY 4.0).

Graphene/silicon (Gr/Si) Schottky barrier solar cells (SBSCs) are attractive for harvesting solar energy and have been gaining
grounds for its low-cost solution-processing. The interfacial barrier between graphene and silicon facilitates the reducing
excessive carrier recombination while accelerating the separation processes of photo-generated carriers at the interface, which
empowers the performance of Gr/Si SBSCs. However, the difficulty to control the interface thickness prevents its application.
Here, we introduce the graphene oxide quantum dots (GOQDs) as a unique interfacial modulation species with tunable
thickness by controlling the GOQDs particle size. The power conversion efficiency (PCE) of 13.67% for Gr/Si-based SBSC with
outstanding stability in the air is obtained with the optimal barrier thickness (26 nm) and particle size (4.15 nm) of GOQDs. The
GOQDs in Gr/Si-based SBSCs provide the extra band bending which further enhances the PCE for its photovoltaic applications.

1. Introduction

The global energy transformation has been driven by alarm-
ing climate change and global economic growth needs, which
demands a greater need for renewable energy and energy effi-
ciency [1]. Nature-rich silicon, as well as carbon, has been
attracting attention for its application in the cost-effective
energy harvest devices [2]. Transferring graphene, which
has a superior optical transmittance as well as electrical con-
ductivity, onto a silicon substrate will make a simple Schottky
junction solar cell [3, 4]. Enormous interests are drawn to
study this graphene/silicon heterojunction solar cell because
this 2D graphene has higher carrier mobility, more excellent
thermal stability, and the broader optical absorption [5, 6].

Gr/Si heterojunction SBSCs was first fabricated with
power conversion efficiency (PCE) of 1.5% at room tempera-
ture byWu et al. in 2010 [7]. Graphene in SBSCs served triple
roles as (i) a transparent electrode, (ii) a p-type semiconduc-

tor forming a Schottky junction with a silicon substrate, and
(iii) creating a built-in electric field at graphene-silicon
interface to separate photo-generated carriers and collect
holes [7, 8]. The key to improving the PCE performance of
Gr/Si SBSCs lies in the carrier’s ability to have efficient direc-
tional movement and the separation of carriers, which are
influenced by the work function. Several materials such as
SiOx (native silicon oxide) [9], graphene oxide (GO) [10],
aluminum oxide (Al2O3) [11], quantum dots (QDs) [12,
13], conductive polymer (P3HT) [14], fluorine-based gra-
phene (FG) [15], and boron nitride (h-BN) [16] have been
studied for the interface modification of the Gr/Si SBSCs to
suppress the surface recombination process and enhance
the tunneling processes for carriers. These modifications gen-
erally result in growth to open-circuit voltage (Voc) and lead
to an increase in the performance of the Gr/Si-based SBSCs.
However, these studies demonstrated that the thickness of
most modification materials must be ~2nm or less to have
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decent PCE efficiency. This is because of the insulating nature
of a convention metal-insulator-semiconductor (MIS) struc-
ture. Either thinner or thicker barriers could give rise to a
serious degradation for performance, as well as an increase
in the complexity of Gr/Si SBSCs fabrication and driving
the higher fabrication cost. On the other hand, the graphene
has a relatively weak work function (Wg) with a low barrier
height (~0.1 eV), compared with the conventional silicon
p-n junction device for high junction barrier (~0.6-0.7 eV)
[17, 18]. As such, this graphene-based device has a low Voc
(~0.5V), compared with that of the conventional silicon
devices (0.6-0.7V) [19, 20]. To tune the work function of gra-
phene, various materials such as polymers [21, 22], Au nano-
particles [23], Ag nanoparticles [24], Pt cubic nanoparticles
[25], and others [26, 27] have been employed by p-type dop-
ing on graphene. Besides, antireflection coating by TiO2
nanoparticles (TiO2-NP) was employed to increase the
device’s ability to boost the light trapping of the Gr/Si SBSCs
[28]. The higher cost and technical difficulties prevent the
wider application of the Gr/Si-based SBSCs. Fortunately,
the efficiency of Gr/Si-based SBSCs has been caught up with
most commercial silicon-based solar cells (~15%) less than
ten years [9, 29] although still slightly behind the peak effi-
ciency of MIS inversion layer solar cells (~20%) in the
laboratory.

In this study, graphene oxide quantum dots (GOQDs)
as a high-quality interfacial barrier are introduced for
modifying interface properties of the Schottky junction in
Gr/Si-based SBSCs. The investigation will focus on the rela-
tionship between PCE and the particle size and thickness of
GOQDs. The GOQDs will be characterized by Fourier-
Transform Infrared (FTIR), X-ray Photoelectron Spectros-
copy (XPS), Transmission Electron Microscopy (TEM),
Fluorescence spectrometer, and UV-vis spectrophotometer,
and its photovoltaic properties will be characterized by
Newport 91160 solar simulator. This research will pave a
new way for devising as well as optimizing a more eco-
nomical SBSCs application, especially a thicker interlayer
in the MIS inversion model that can be beneficial for the pro-
cessing techniques in low-cost semiconductor integrated
devices in the near future.

2. Materials and Methods

2.1. Preparation of GOQDs and TiO2 Nanoparticles. GOQDs
were synthesized via direct pyrolyzing citric acid (CA) under
hydrothermal treatment with carbonizing, following the lit-
erature procedure with some modification [30]. Briefly, 2 g
CA was put into a 30mL beaker and heated to 200, 225,
and 250°C, respectively, for 15min at each temperature.
The color of the liquid form of CA changed from achromatic
color to light yellow and finally to orange 30 minutes later,
signifying GOQDs have been formed. The orange solution
as quasi-GOQDs was dialyzed and soaked in DI water for
48 h to remove the excess CA and impurities, followed by
centrifugation at 10000 rpm (revolutions per minute) several
times to detach any agglomerates. The supernatant was even-
tually conserved for subsequent characterization and film
preparation to Gr/Si-based SBSCs, as described below.

To synthesize the nano-TiO2 colloid, a hydrolysate solu-
tion of 1.5mL deionized water, 12mL ethanol, and 1.5mL
HNO3 (0.1mol/L) was added at a rate of 0.5mL/min to a pre-
cursor solution of 5mL of Ti(OBu)4 and 0.5mL of ethyl ace-
tate mixed with 23mL of ethanol added. The mixture of this
quasi-TiO2 nanoparticle was stirred continuously at 800 rpm
for 12 h and aged for 10h at room temperature.

2.2. Growth and Smooth Transfer of Graphene Films. Gra-
phene sheet growth is executed on a copper catalytic sub-
strate in a thermal reactor at a temperature of 850°C via the
plasma-enhanced chemical vapor deposition (PECVD)
method [31]. The reaction uses a mixture of CH4 (20 sccm)
and H2 (40 sccm) where CH4 and H2 act as the carbon source
and the reduction gas, respectively. Graphene sheets on cop-
per foil were then transferred to a silicon substrate by a wet
transfer process with cyclododecane and cyclohexane. A
1 : 1 mixture of cyclododecane and cyclohexane was spin-
coated onto the surface of the copper/graphene film at
3000 rpm for 30 s. A pale white solid film was observed indi-
cating the formation of a copper/graphene/cyclododecane
film. The copper substrate on the back of the graphene was
then completely dissolved after four hours by a Cu etchant,
consisting of FeCl3, HCl, and DI water. The clean graphene
film was obtained after rinsing with deionized water for
3 times.

2.3. Fabrication of Photovoltaic Devices. An n-type single-
crystalline silicon <100> thin bare wafer doped with
phosphorous was purchased from Hefei Crystal Material
Technology Co. Ltd. Silicon wafer has a resistivity of
1-5 Ω/cm and a thickness of 500μm for the substrate. The
silicon wafer was first washed by acetone, ethanol solutions,
and deionized water consecutively cleaning for 15min,
respectively, under ultrasonic condition. The wafer was then
dried by nitrogen gas. The gold electrode was sputtered on
the top of the SiO2/Si substrate via the magnetron sputtering
technique. To preserve the light absorption window, an area
with a size of 3 × 3mm2 was masked in the middle of the
SiO2/Si substrate. A 5% HF solution was used to etch the
oxide layer at room temperature for 3-5min. Residual HF
solution was washed off by deionized water for 5min before
the spin-coating GOQDs solution onto the 3 × 3mm2 win-
dow. The spin-coating speed is 1000 rpm (representative
thickness is ~40nm), 3000 rpm (representative thickness
is ~26 nm), and 4000 rpm (representative thickness is
~12nm), respectively, and the spin-coating time is locked
for the 30 s [13]. An annealing treatment at 200°C for
20min after both processes for transferring of graphene
and spin-coating with GOQDs. A rear electrode with the
Ohmic contact on the back of the device is In-Ga alloy, and
the device is placed at ethanol vapor for 3-5 h to clean
the surface. A nano-TiO2 colloid solution for forming an
antireflection layer trapped photons well-distributed and
with 40-80 nm thickness is further spin-coated the top of
the solar cell under 6000 rpm for 1min [13, 28]. Doping
of graphene had been executed by placing the graphene
side above the vapor of concentrated HNO3 for several
times. This fabrication process is illustrated in Figure 1.
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2.4. Characterization of Device and Materials. The Fourier-
Transform Infrared (FTIR) measurements were recorded
from 4000 to 1000 cm-1 by an FTLA 2000 type spectrometer
at a resolution of 4 cm-1 for 128 scans under room tempera-
ture. X-ray photoelectron spectroscopy (XPS, PHI-5000
X-ray photoelectron spectrometer) was applied to analyze
the chemical compositions of GOQDs films by an Mg
Ka radiation source. The spectra of GOQDs were recorded
from 0 to 1100 eV. Transmission Electron Microscopy
(TEM) images of GOQDs were examined on a JEM-2100F
Transmission Electron Microscope (JEOL, Japan). Fluores-
cence spectrometer (Ihr 320) and UV-vis spectrophotometer
(UV-2550) were applied to gather photoluminescence (PL)
and UV-vis spectra, respectively. Newport 91160 solar simu-
lator with a 300W xenon lamp and an AM 1.5G filter is used
to simulate AM 1.5G solar irradiation. The solar simulator
was calibrated by the silicon reference cell. To evaluate
the performance for Gr/Si SBSCs, the diode functions of
the J‐V characteristics of SBSCs were measured under illu-
minated and in the dark conditions. Ideality (n) and
reverse saturation current (Jsat) are calculated to analyze
the diode functions by fitting the dark J‐V curve surveyed
by the Agilent Probe analyzer as the following Eq. (1)

J = Jsat eqV/nKT − 1
� �

, ð1Þ

where T is the absolute temperature, K is the Boltzmann
constant, n is the ideality factor, V is the applied voltage,
q is the unit charge, and J is the current density [32].

The Schottky barrier height (ϕB) is affected by Jsat and
can be described by Eq. (2) [33].

φB = −kT ln
Jsat
A∗T

� �
, ð2Þ

where A ∗ represents the effective Richardson constant
(≈112A/cm2 for n-Si) [34].

3. Results

As a novel nanocarbon-based material, graphene oxide
quantum dots (GOQDs) demonstrate typical characteristics
of FTIR and XPS spectra as shown in Figure 2. For example,
the FTIR spectrum (Figure 2(a)) reveals carboxyl and
hydroxyl functional groups at 1644 and 3403 cm-1, respec-
tively, and the XPS spectrum (Figure 2(b)) shows typical
sp2 carbon peaks at 284.7, 286.1, and 287.9 eV [13, 30, 35,
36]. GOQDs inherit the unique properties from both graphene
and quantum dots and are generally regarded as special gra-
phene with a single- or few-layer and size of several nanometers
[37]. These hydrophilic groups at the edge and on the surface of
GOQDs sheets facilitate the alignment, the dispersion, and the
stability of sheets in aqueous solution during the filtration and
cleaning process. This is beneficial to enhance the physical con-
tact of the graphene-GOQDs-silicon interface.

J‐Vcharacteristic curves of graphene/silicon-based
Schottky heterojunction measured by experiment both in
the dark and under illuminated conditions are shown in the
right chart of Figure 3(a). The J‐V curve exhibited good
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Figure 1: (a) Schematic illustration of the solar cell fabrication process. (b) Cross-sectional image shows both the electrons and holes are
ripped out of the photo-generated electron-hole pairs at the interface under the driving force from the built-in electric field; then, the
electrons invest in the silicon substrate while the electric field gives the holes access to the graphene electrode so that the device gets credit
for converting from light energy to electric energy. (c) Schematic illustration of MIS Schottky junction solar cells with GOQD interlayer
barrier.
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properties of nonlinear optical rectification in graphene-
GOQDs-silicon coupling solar cells. The result is consistent
with the previous studies of graphene and silicon Schottky
junction [38, 39]. To better illustrate the role of interfacial
GOQDs interlayer, the energy band diagrams are shown in
the left and middle charts in Figure 3(a). When the
electron-hole pairs are generated, the built-in electric field
(Vbi) at the silicon-graphene interface separates the charges
and pulls the holes toward the graphene. The hole current
density drew by graphene could be expressed as [40].

Jp =
qDp

Lp
p′, ð3Þ

where p′ represents the redundancy holes concentration in
the silicon substrate under illumination, Lp is the hole diffu-
sion length, and Dp is the characteristic diffusion coefficient
for holes. These photo-generated holes must be consumed
either by recombining with electrons or tunneling through
a GOQDs barrier. The hole current density tunnelled from
a GOQDs barrier has an available purpose for photocurrent
and can be written as [41].

Jh =
4πmeffq

h3Nv

kTð Þ2pse−
ffiffi
χ

p δ 1 − e− ΔEp/kTð Þ� �
, ð4Þ

where meff represents the hole effective mass, Nv is the effec-
tive state density in the silicon substrate valence band, ps is
the hole density at the interface, χ is the mean barrier height,
δ is the GOQDs barrier thickness, and ΔEp is the energy dif-
ference between the holes’ quasi-Fermi level in the substrate
under illumination and the graphene’s Fermi level. The hole
density ps is a function of ΔEp as follows

ps = ps0e
ΔEp/kT, ð5Þ

where ps0 represents the equilibrium concentration for holes

at the interface in Gr/Si SBSCs. It is obvious that the rising or
falling in ps0 is consistent with in the energy gap ΔEp

(detailed in energy band diagrams). In the absence of an
interfacial barrier such as GOQDs, the electrons could
recombine with holes freely at the silicon-graphene interface,
and such pairs from the graphene side would have a much
shorter lifetime (picoseconds) [42] so that do little to the
photocurrent. On the other hand, if a large number of
photo-generated holes would accumulate in the proximity
of the GOQDs-silicon interface, the recombination of elec-
trons with holes at the interface would have an adverse effect
on the photocurrent. Assuming the Shockley-Read-Hall
model, the surplus hole recombination rate in the wake of
illumination can be expressed as [43].

RT =
nsps − ni

2

τh0 ns + n1ð Þ + τe0 ps + p1ð Þ ≈
nsps − ni

2

τ ns + psð Þ , ð6Þ

where n1 =Nce
ðEt−EcÞ/kT and p1 =Nve

ðEv−EtÞ/kT are associated
with the energy level of the defect modes, Nc is the effective
state density in the silicon substrate conduction band, Et is
the energy level of the defect modes, ns is the electron density
at the interface, and ni is the intrinsic carrier concentration. It
is further assumed that the time constant of electrons is
approximately equal to that of the holes, and Et is close to
the middle of the substrate band gap so that n1 + p1<<ns +
ps. Equation (6) assumes that the net recombination only
occurs if nsps is larger than the intrinsic carrier product ni

2

(nsps > ni
2), and recombination is limited by whichever less

of the carrier (holes or electrons). One can easily conclude
that the tunneling current will increase if the surface hole
concentration increases, while the recombination current
would also rise as the product of nsps increases. Eventually,
an equilibrium would be established that the sum of the
recombination current (Jr) and the tunneling current (Jt)
should equal to photocurrent (Jp).

The above-mentioned analysis paves the way for
explaining qualitatively the J‐V characteristic curve both
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Figure 2: (a) FT-IR spectrum of GOQDs; (b) XPS survey spectra of GOQDs.
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under the illuminated or the dark conditions (shown the
right chart in Figure 3) with GOQDs at 4.15 nm
(Figure 3(b)) and 6.38 nm (Figure 3(c)). One can see that
the Gr/GOQDs/Si SBSCs have a very small reverse current
in the dark while increased significantly under illuminating.
The photocurrent at zero bias is roughly equal to the
reverse currents for devices, which suggest that there has a
very low recombination rate of carriers at the interface in
Gr/Si-based SBSCs [44]. In the reverse bias mode (the left
chart in Figure 3(a)), the concentration of electrons at the
interface is low owing to band-bending while a surplus of
holes ps ′ = ps − ps0 exists near the interface. ΔEp and ps

become large. As such, Eq. (5) demonstrated that the
tunneling current becomes the dominant component for
the photocurrent. In the case of weak forward biases (the
middle chart in Figure 3(a)), the electron concentration at
the interface will increase, and the recombination rate with
holes is generally limited by the holes as the concentration
ps ′ for surplus holes decline. The results showed that the
reverse saturation current without GOQDs is 20-fold or
more than the Jsat for with GOQDs barrier (6.38 nm for
particle size, Table S2).

The middle chart of photoluminescence (PL) spectra in
Figures 3(b) and 3(c) showed a shift of peak from 453nm
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Figure 3: (a) Energy band diagrams of graphene-silicon Schottky heterojunction with GOQD interfacial barrier (left and middle chart) and
the J‐V characteristics measured by experiment (right chart) for each case both under illuminated and in the dark conditions. (b) TEM image
of GOQDs with a mean size of 4.15 nm with an insert of the size distribution of GOQDs (left chart), PL and UV-Vis spectrum (middle chart),
and J‐V characteristic curve measured (right chart). (c) TEM image of GOQDs with a mean size of 6.38 nm with the insert of the size
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for GOQDs with a size of 4.15 nm to 458 nm for GOQDs
with a size of 6.38 nm. Such a blue shift is probably due to a
larger gap in LUMO-HOMO, from 3.01 eV to 3.36 eV [13],
when the particle size of GOQDs decreases from 6.38 nm to
4.15 nm. The PCE showed an increase in the aggregate
efficiency of Gr/Si-based SBSCs from 3.42% to 6.75%
(Table 1). One can contribute to the overall efficiency of
6.75% as a result of regulating particle size as well as thickness
for GOQDs (Table 2). According to Eq. (4), the hole tunnel-
ing current slips exponentially on account of the falling in a
term e−

ffiffi
χ

p δ as barrier thickness goes right. The rational thick-
ness of the GOQDs interlayer in the interface of
Gr/GOQDs/Si SBSCs should have the best tunneling effect
as shown in Figure 4, evidenced by the lowest Jsat of 8:14 ×
10−9A/cm2 (Table S3). The relative magnitudes of recombi-
nation current Jr and photocurrent Jp are represented by
the size and the direction of the arrows in Figure 4. To illus-
trate, the relative abundance of holes and electrons in each
case in Figure 4 is represented by the number of circles filled
by a positive and negative sign. The influence of widening
in thickness at the interface has appeared to the accompani-
ment of accumulating for holes near the silicon side which
waiting to tunnel through but cannot (Figure 4). With a thin
GOQDs interlayer barrier (say, 12 nm) between the gra-
phene and silicon, many holes are intrigued by graphene
while the recombination of many electrons is simulta-
neously a drag on the photocurrent. With the GOQDs’
thickness increases (to 26 nm), Jsat in the device decreases
from 2:19 × 10−8A/cm2 to 8:14 × 10−9A/cm2, indirectly
indicating that carrier recombination has been effectively
suppressed. With the further increase of the GOQDs’ thick-
ness (to 40 nm), the carrier recombination process is
enhanced by about 20 times. In this case, the suppression of
photocurrent in devices has also been implemented as the
great quantity of holes piled up, proved by growth in Jsat
increase from 8:14 × 10−9A/cm2 to 1:57 × 10−7A/cm2.

Noting that a restriction of the range from 15 to 25Å has
produced for the optimal insulation layer thickness in general
MIS devices [45, 46], but why gets the ideal GOQDs barrier

in this study come into 26 nm (Table 2)? We believe that
three main behaviors exist in the Gr-GOQDs-Si interface:
(1) light absorption of GOQDs film, (2) possible hole trans-
port modes, and (3) GOQDs size-induced band bending.
GOQDs interlayer has a capability for light absorbing to
some extent then providing electron-hole pairs. The pair
spring from the GOQDs layer serves to improve photocur-
rent thus growing the rational thickness of the GOQDs inter-
layer to some degree. As far as hole transports through
GOQDs from silicon to graphene in Gr/GOQDs/Si SBSCs
are concerned, the energy transfer process described by FÖr-
ster Resonance Energy Transfer (FRET) should also be put
on the agenda though the tunneling effect is dominant. The
available of the effective energy transfer has performed under
FRET as the GOQDs are close enough to graphene (<10 nm),
indicating GOQDs contribute to hole transport then amelio-
rated the optimal thickness of the GOQDs barrier. On the
other hand, there is a weak band bending between the
GOQDs particles in the barrier, and this band bending has
expanded with the rise of the size of GOQDs particles (sup-
porting information). In addition, size-induced band bend-
ing may also occur between the GOQDs-Si interfaces. In
the Gr/GOQDs/Si SBSCs, it can be considered that the
LUMO value and HOMO value of Si substrate hardly change,
which are 4.05 eV and 5.17 eV, respectively. However, the
corresponding values of GOQDs films have a strong size-
dependent effect. For example, the LUMO values and
HOMO values are 2.27 eV and 5.28 eV for size 6.38 nm, while
1.99 eV and 5.35 eV for size 4.15 nm [13]. Extracting infor-
mation to the aspect of band bending in Figure 3(a) to testify
to the influential effect of GOQDs size-induced band bending
in devices. The capability in the tunneling process for holes
has been advanced since a reduction of curvature radius in
the energy band (shown in the left in Figure 3(a)). An
enhanced tunneling process as well as the energy transfer
process brings a thick rational barrier (say, 26 nm) for hole
transporting. Combining the effects of GOQDs barrier on
electrons and holes in Gr/Si-based SBSCs, the dual influences
of GOQDs interlayer as an electron blocking and hole
transport barrier are evident.

As one can see an S-shape distinctively revealed from the
measured J‐V curves under illumination in both Figures 3
and 4. Such shape corresponds to the waxing and waning
of the interface and is commonly known to impede the per-
formance of Gr/Si-based SBSCs. Hence, a relatively low Jsc
with 19.01mA/cm2 in device with an efficiency of 6.57%
has been deduced, and a high fill factor with 0.74 was esti-
mated (Table 2 and Figures 5(c) and 5(d)). Studies showed
that the interfacial barrier with thickness over 15Å generally
induces the S-shape in J‐V curves [9, 11]. Interestingly, in
this study, we demonstrated an expanded capacity with a
thick GOQDs barrier of 26 nm, even thicker than the 20nm
layer thickness reported by Diao et al. [12]. The difference
between the voltage of the experimentally observed value
and the calculated value with the MIS model is only 0.09V
with the GOQDs thickness of 26 nm. The MIS model can
estimate the open-voltage of devices using both ideality (n)
and Schottky barrier height (ϕB) (Figure 5(a)). One can see
the opposite influence of ϕB and n on Gr/GOQDs/Si SBSCs

Table 1: Performance parameters of several devices with different
GOQD sizes under AM1.5 Illumination.

GOQDs Voc (V) Jsc (mA/cm2) Fill factor (%) Efficiency (%)

Without 0.23 28.12 19.96 1.30

4.15 nm 0.47 19.01 74.07 6.75

6.38 nm 0.41 29.31 27.93 3.42

Table 2: Performance parameters of several Gr/GOQDs/Si SBSCs
with different GOQD thickness under AM1.5 Illumination.

GOQDs Voc (V) Jsc (mA/cm2) Fill factor (%) Efficiency (%)

12 nm 0.37 38.95 32.30 4.65

26 nm 0.47 19.01 74.07 6.75

40 nm 0.43 14.41 26.58 1.68
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in open-voltage converge on the thickness of 26 nm where
the ϕB favors the thickness less than 26nm and n favors
thickness exceeds 26nm (Figure 5(b)).

On the other hand, the light absorption capacity up to
30-40% within the visible range has been lost by the planar
silicon. To reduce the reflectance, the antireflection coating
(ARC) of TiO2 colloidal in Gr/Si-based SBSCs has been
applied (Fig. S4). Compared with other materials, TiO2 has
the advantages of large bandgap, unique refractive index,
and easy processing into thin uniform layers. And its
spin-coating has a strong antireflection effect on the con-
dition of suitable film thickness and refractive index [28].
The refractive index (nTiO2

≈ 2:2) of TiO2 colloid is
between Si (nSi ≈ 4) and air (nair ≈ 1), which is approxi-
mately related to nTiO2

= ffiffiffiffiffiffiffiffiffiffiffiffi
nSinair

p
[47]. Compared with the

microcavity or photonic crystal, the visible transparent
TiO2 colloid only acts as a planar antireflection layer, which
suppresses the reflected light from polished silicon surface
by destructive interference [28, 48]. According to Tables 1
and 2, the best combination for Gr/GOQDs/Si SBSCs is
~26 nm GOQDs thickness with a particle size of 4.15 nm.
After adding the ARC of TiO2 nanoparticles on the afore-
mentioned device, a slight increase of PCE efficiency from
6.75% to 9.31% while the fill factor decreases from 0.74 to
0.67 (Table S4). However, both Voc and Jsc increase from
0.47V to 0.51V and 19.01mA/cm2 to 27.25mA/cm2, respec-
tively. The spin-coating of the nano-TiO2 sheet has strength-

ened the light-capturing capability in Gr/Si-based SBSCs. But
at the same time, it also increases series resistance due to
extra physical contact introduced, which in turn can be fed
back by the fill factor. This explains an increase in Jsc from
19.01mA/cm2 to 27.25mA/cm2 and a decrease in fill factor
from 0.74 to 0.67. In addition, TiO2 might also lead to p-
type doping of graphene, therefore enhancing Voc from
0.47V to 0.51V, as discussed in the literature [49]. The
results show that the PCE efficient increases after ARC treat-
ment regardless of the thickness of the GOQDs barrier. For
example, PCE increases from 1.68% to 3.66% with a thicker
~40nm GOQDs with an ARC, where ~26 nm thickness of
GOQDs barrier increases from 6.75% to 9.31%. However,
the Voc drops slightly with the thicker GOQDs layer
(40 nm, from 0.43V to 0.36V) while the thinner one
increases slightly from 0.47 to 0.51V. The Jsc with thick
GOQDs layer goes up more than the thinner one, from
14.41mA/cm2 to 37.39mA/cm2, and fill factor boosts from
0.26 to 0.27.

Studies demonstrated that doping graphene and carbon
nanotubes with HNO3 can improve the graphene p-type con-
ductivity [50–52]. We investigate the doping effect on the
Gr/GOQDs/Si SBSCs (Table S5). The results are consistent
with previous studies [51, 52]. The PCE increases to 11.69%
and 13.67% after 10 s and 15 s. However, further doping at
the 20 s does not increase the PCE, rather dropped to
10.71%. The energy band diagrams further illustrate a
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smaller curvature radius of energy band at GOQDs-Si
interface in SBSCs with HNO3 doping (Figure S3). This
induced an increase in Wg because the equilibrium
interfaces concentration of holes ps0 increases while the
electrons concentration ns0 is decreasing. This will result in
less-surplus carriers (namely, electrons), and recombination
current will decrease for a given bias. The tunneling current
of holes will increase at the other side of the shield as it is
controlled by ps (Eq. (4)). The increase of ps0 will create a
raise in ps as described by Eq. (5). The intensification of the
tunneling process at Gr-GOQDs-Si interface in
Gr/GOQDs/Si SBSCs is consistent with the results observed
by the experiment, which Jsc for device showed an increase
from untreated 27.25mA/cm2 to 37.90mA/cm2; therefore,
efficiency of 13.67% has ultimately achieved. From the Voc
of 0.50V (±30 mV) and an efficiency of 13.67%, the
Gr/GOQDs/Si SBSC creates the highest fill factor for 0.75 at
the cost of left-shifted with 30mV or so in the measured J‐
V characteristics curve under illumination. It is interesting
to point out that the fill factor, Jsc, and PCE efficiency all
decreased from 0.75, 37.90mA/cm2, and 13.67% to 0.66,
31.96mA/cm2, and 10.71%, respectively, when the doping

treatment time increases to 20 s (Figure 6(b)). This
phenomenon has also been observed in other solar cells
which might be created both by the degradation of
graphene film and the oxidization of the silicon substrate
surface with the concentrated HNO3 [9, 51, 52]. Compared
to the solar cell with an efficiency of 15.60% reported by
Song et al. [9], our devices have slightly lower Voc but
higher Jsc and fill factor owing to the lower doping levels of
the silicon substrate.

The stability of the solar cells during the storage of Gr/Si-
based SBSCs after doping treatment has also been studied
through the device with both optimal measurements of the
Jsc and Voc, corresponding to a better tunneling effect. A
set of photovoltaic performance data of the device stored in
air for 60 days without any encapsulation were measured
every ten days. Figure 7 illustrates the parameters of the
device with respect to the storing time. It is obvious that the
Gr/GOQDs/Si-based SBSCs still perform well after 60 days,
and the stability of the device is maintained as four perfor-
mance parameters (fill factor, PCE, open-circuit voltage,
and current density) show little change. For example, the
PCE efficiency dropped from 11.69% to 10.56% after 60 days,
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fill factor abated from 61.2% to 58.6%, Voc weaken from
0.51V to 0.496V, and Jsc descended from 38.20mA/cm2 to
36.82mA/cm2, respectively. Besides the excellent stability of
graphene and GOQDs, the nano-TiO2 antireflective coating
layer on the top of the device also contributes to its stability
by reducing the oxidation rate of the silicon-based substrate.
It is expected that the durability of solar cells could be further
enhanced by employing more stable preservation methods.

4. Discussion

In summary, the unique quantum effect of GOQDs is a novel
nanomaterial that can modify the interface in Gr/Si SBSCs
and serve as a distinctive barrier at the interface. The holes
tunneling process and the carriers’ recombination rate can
be controlled by the thickness and particle size for GOQDs
barrier in the Gr/Si SBSCs. The extra band bending induced
by GOQDs in Gr/Si-based SBSCs provides a mechanism for

the improved PCE. The combination of 4.15 nm particle
size and 26nm of GOQDs film thickness seems to be
the optimal GOQDs profile in making an efficient Gr/Si
SBSCs. In addition, both the ARC of device and doping
on GOQDs brought the overall PCE of Gr/Si-based SBSC
to 13.67% along with the good stability in air. However,
prolong doping time with HNO3 does not provide further
PCE improvement due to the degradation of graphene and
oxidation of silicon substrate. This 26 nm thickness of
GOQDs would be easier to manufacture than the existing
barrier thickness. This would be a cost-effective design and
provide a wider application.

Data Availability

All data, models, or code generated or used during the study
are available from the first author or corresponding author by
request. (Chao Geng, Email: qdsslmq@126.com).
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