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ABSTRACT: The conventional graphene-silicon Schottky
junction solar cell inevitably involves the graphene growth
and transfer process, which results in complicated technology,
loss of quality of the graphene, extra cost, and environmental
unfriendliness. Moreover, the conventional transfer method is
not well suited to conformationally coat graphene on a three-
dimensional (3D) silicon surface. Thus, worse interfacial
conditions are inevitable. In this work, we directly grow
graphene nanowalls (GNWs) onto the micropyramidal silicon
(MP) by the plasma-enhanced chemical vapor deposition method. By controlling growth time, the cell exhibits optimal pristine
photovoltaic performance of 3.8%. Furthermore, we improve the conductivity of the GNW electrode by introducing the silver
nanowire (AgNW) network, which could achieve lower sheet resistance. An efficiency of 6.6% has been obtained for the AgNWs-
GNWs-MP solar cell without any chemical doping. Meanwhile, the cell exhibits excellent stability exposed to air. Our studies
show a promising way to develop simple-technology, low-cost, high-efficiency, and stable Schottky junction solar cells.

KEYWORDS: one-step growth, graphene nanowalls, three-dimensional Si, solar cells, silver nanowires, composite electrode,
high efficiency, stability

1. INTRODUCTION

The aggravating energy crisis has promoted considerable efforts
to explore solar cells. To date, crystalline silicon (Si) has
occupied the majority of the photovoltaic materials market due
to the advantages of natural abundance, good properties, and
mature processing technique.1,2 However, for the traditional Si
solar cells based on the P−N junction, the high cost from
complicated processing and excessive consumption of Si hinders
popularization and progress.3,4

Graphene, a single atomic layer of carbon hexagons, has
attracted great attention because of its superior properties,
including tunable work function, high electrical conductivity,
high optical transmittance, and low sheet resistance.5−7

Graphene film could be grown via a chemical vapor deposition
(CVD) process, and is transferred onto Si to form the Schottky
junction, which could separate light-generated carriers. The first
graphene-Si (Gr-Si) solar cell was fabricated by Li et al. in 2010,
which achieved an efficiency of 1.5%.8 Lately, a lot of effort has
been made to improve the efficiency of the Gr−Si solar cell. In
various Si-based solar cells, Si micropyramid (MP), Si nanowire,
Si nanocone, and Si nanohole array, which serve as light-trapping

structures, are effective means to increase the light absorption for
solar cells.9−12 Xie et al. fabricated the graphene-Si nanowire
solar cell with efficiency of 2.15%.13 Feng et al. adopted Si pillar-
array structures to replace planar Si in Gr−Si solar cells and got a
pristine efficiency of about 2.9%, and the PCE could be further
improved to 4.35% by HNO3 doping.

14 Zhang et al. reported a
few-layer graphene−Si microhole solar cell with pristine
efficiency of 3.468%, with efficiency increasing to 10.297%
after HNO3 doping.15 Chemical doping of graphene is
considered an efficient way to inject a majority of carriers,
reduce sheet resistance, and heighten the work function of
graphene, which could effectively improve the performance of
the Gr−Si solar cells.16,17 Recently, an efficiency of 14.5% was
achieved by introducing TiO2 as an antireflection coating and by
HNO3 doping.

18 However, the chemically doped Gr−Si solar
cells degrade seriously over time because of the subdued doping
effect. Meanwhile, after eliminating the chemical doping, the
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pristine efficiency of the Gr−Si solar cells is still low, not
exceeding 4%.18−20 On the other hand, for the previously
reported Gr−Si solar cells, transferring CVD graphene onto Si
wafer was inevitable. The graphene transfer process has limited
the practical application in solar cells because of the fussy
technology, increased cost, and inevitable loss of quality of
graphene through the traditional polymer-mediated transfer
method.21−23 More importantly, the transfer method is not well
suited for conformal coating of graphene on three-dimensional
(3D) structural surfaces, such as Si nanocone, nanocolumn,
nanohole array, and so on.
Graphene nanowalls (GNWs), consisting of cross and vertical

graphene sheets, could be directly produced on Si or other
substrates by the plasma-enhanced chemical vapor deposition
(PECVD) method.24,25 Here, we directly grow a GNW network
on the micropyramidal Si wafer while avoiding the graphene
transfer process, and fabricate graphene nanowall−micro-
pyramidal Si Schottky junction (GNWs-MP) solar cells with
obvious pristine photovoltaic performance. The micropyramidal
morphology can effectively suppress the light reflectance, causing
the increase of JSC. We also investigate the influence on the cell
with different growth times.To further improve the conductivity
of the GNWs, the silver nanowire (AgNWs) network is
fabricated onto the GNWs by a simple brush-painting process.
Ultimately, the AgNWs-GNWs-MP solar cell gets to an
efficiency of 6.6%. Moreover, the cell shows better stability
than the Gr−Si and carbon nanotube-Si (CNT-Si) solar cells
with chemical doping.

2. EXPERIMENTAL SECTION
2.1. MP Preparation. An N-type ⟨100⟩ single-crystalline Si

(resistivity of 1−3 Ω cm−1) with 300 nm SiO2 is used as the substrate.
An open window of 2.5 × 2.5 mm2 was exposed to HF for 3 min to
remove the SiO2 layer, and was defined as the effective work area of the
solar cells. The MP textures were fabricated by an anisotropic etching
method in KOH (3 wt %)/NaSiO3 (1 wt %)/isopropyl alcohol (8 vol%)
at 85 °C for 30−40 min. Then the wafers were treated by standard RCA
(Radio Corporation of America) cleaning, followed by 1%HF treatment
for 1 min, before GNWs growth.
2.2. GNWs Preparation. First, the target substrate was heated to

750 °C under the atmosphere of hydrogen (H2). Then the substrate
should be rinsed with H2 plasma for 10 min to clean the wafer. The
radiofrequency (RF) power and the H2 flow rate were 100 W and 10
standard cubic centimeters per minute (SCCM), respectively. Gas
mixture of methane (CH4):H2 = 6:6 SCCM was used with RF power of
50W, and the growth pressure is around 40 Pa. The growth time ranged
from 30 to 45 min. Finally, the samples were quickly cooled to room
temperature with H2 as protective gas.
2.3. Solar Cell Fabrication. Eutectic Ga−In that could form back

contact with Si was used as back electrode. AgNWs with average
diameters of 30 nm in alcohol (10 mg/mL) were purchased from Blue
Nano. The AgNWs were continuously brushed onto GNWs using a
general paint brush at room temperature and then dried on a hot plate at
80 °C for 5 min to remove the solvent.
2.4. Characterization. The quality of GNWs was characterized by

Raman spectroscopy (inVia Reflex) with 532 nm laser, and the sheet
resistance (RSH) was measured by four-point probe system. The
transmittance and reflectance of the samples were measured by UV−
visible spectrophotometer (Lambda35) with an integrating sphere. The
morphologies of the GNWs were characterized by high-resolution
scanning electron microscope (SEM; JSM-7800F). The performances
of the solar cells were measured by using a Keithley 2400 source meter
and a solar simulator under AM1.5 illumination.

3. RESULTS AND DISCUSSION
For the planar Si, over 35% light is lost on the surface because of
the high reflectance. Micropyramidal Si structure could
effectively trap incident light with a simple and inexpensive
anisotropic etching process.The morphologies of the MP are
shown in Figure S1 (Supporting Information) with different
etching times of 30, 35, and 40min. The 30min etching produces
abundant pyramids, but the sizes are small. For the 35 min
etching, themajor pyramids get more uniform shapes with a large
size of about 8−10 μm. After 40 min etching, massive pyramids
appear. Reflectance measurement results are presented in Figure
S2 (Supporting Information). The lowest reflectance of the MP,
which was obtained with 35 min etching, could be as low as
∼10% in the range of 500−1000 nm. Therefore, we adopt the
MP of 35 min etching as the substrate in our solar cells.
For the GNWs−MP solar cells, the growth time of the GNWs

is crucial to the performance of the cells. In this work, four groups
of experiments with growth times of 30, 35, 40, and 45 min are
performed. The morphologies of the GNWs, grown on the MP
substrate with different growth times, are observed by SEM in
Figure 1b−e. At 30 min, the small-sized graphene sheets

sporadically distribute on the surface of MP. As the growth time
increases, the grain sizes of graphene sheets become enlarged,
and the uniformity is better. The continuous leaf-like graphene
sheets have absolutely covered the wafer of MP at 45 min, and
form a compact 3D conducting GNW network, as shown in
Figure 1e and f.
Raman analysis is an efficient way to characterize the quality of

the GNWs. As shown in Figure 2a, the D peak (∼1350 cm−1), G
peak (∼1585 cm−1), and 2D peak (∼2695 cm−1) could be
observed in all the samples. Meanwhile, the shoulder peak (G′
peak) and sharp D peak are also visible, which are connected with
the defects and edges from small-size graphene sheets. The full
width at half-maximum, I2D/IG and ID/IG are the important
parameters to estimate the layers and defects of graphene. The
value of I2D/IG ranges from 0.49 to 0.97, and the full width at half-
maximum values are ∼55 to ∼70 cm−1, indicating graphene
sheets with few layers. The ID/IG decreases from 1.75 to 1.0, with
the increase of growth time from 30 to 45min (Figure 2b), which
demonstrates that GNWs have lower defect density and larger
grain size with longer growth time. Figure 2c shows the optical
transmittance spectra of the GNWs with different growth times.
Obviously, the transmittance of GNWs decreases as the growth

Figure 1. (a−e) Top-view SEM images of micropyramid Si (MP) and
the graphene nanowalls directly grown on the MP with growth time of
30, 35, 40, and 45min, respectively. (f) SEM image of the GNWswith 45
min growth time with higher magnification.
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time increases. The values of the transmittance at 550 nm (T550)
and average sheet resistance (RSH) at different growth times are
exhibited in Figure 2d. The T550 of 30 min GNWs is 84.7%, while
the relevant RSH is about 1650Ω/sq. At 45min, although theT550
reduces to 71.1%, the RSH could also decrease to about 950Ω/sq.
It is clear that the improvement of the RSH is accompanied by the
decline of the transmittance.
Figure 3a illustrates the schematic of the GNWs-MP solar

cells. The conformal coverage of GNWs could form a Schottky

junction withMP Si, and generates built-in potential across the Si
side. Under illumination, the micropyramidal Si could effectively
absorb the incident light and produce electron−hole pairs. Then
photogenerated electron−hole pairs would be separated by built-
in electric field. The holes are pulled to the GNW side, and a Ga−
In cathode could collect the electrons.
Figure 3b shows the light current density−voltage (J−V)

curves of the GNWs-MP solar cells with growth time of 30−45

min. As the growth time increases from 30 to 45 min, the fill
factor (FF) is improved from 31.0% to 45.1%, which benefits
from the reduction of RSH. The open circuit voltage (VOC) is
gradually decreased from 0.368 to 0.309 V (Figure 3c), meaning
that the longer growth time could result in the decrease of the
work function of the GNWs. For the JSC, the largest value of 28.7
mA/cm2 appears at the point of 35 min, because the longer
growth time would suffer from low transmittance, while the
shorter growth time would result in the higher RSH. The optimal
PCE of 3.8% could be achieved when the growth time is 35 min
(Figure 3d), as an appropriate match consequence of the
transmittance and sheet resistance.
In order to compare with the GNWs-MP solar cell, the

graphene nanowall−planar Si (GNWs-Planar) solar cell was
fabricated with the same growth time of 35 min. Figure 4a

illustrates the photovoltaic performance. The JSC of GNWs-
Planar solar cell is only 21.2 mA/cm2, while the JSC of GNWs-MP
solar cell could be enhanced to 28.7 mA/cm2, implying the
remarkable light absorption effect for the GNWs-MP solar cell.
The external quantum efficiency (EQE) reflects the cells’
capacity to capture incident photons into electricity.The EQE
is defined as EQE = Iph(λ)·hc/Pin(λ)eλ, where Iph(λ) is the
photocurrent; Pin(λ) is the incident light power as a function of
wavelength λ; h, c, and e is the Planck’s constant, speed of light in
vacuum, and elementary charge, respectively.26 The GNWs-
Planar Si solar cell shows a EQE of 50−60% in the range of 500−
900 nm, while the EQE of the GNWs-MP solar cell is larger and
almost reaches 70% in the same range shown in Figure 4b,
indicating the more efficient utilization of incident light for the
GNWs-MP solar cell.
Although the GNWs-MP solar cell has obtained a PCE of

3.8%, the poor sheet resistance would be an obstacle for higher
efficiency. It has been proven that metal nanowires could
effectively enhance the conductivity of graphene.27,28 Therefore,
the AgNWs were brushed onto the surface of GNWs for better
conducting film, which was called the brush-painting proc-
ess.29,30 The SEM image of the AgNWs-GNWs-MP wafer is
shown in Figure 5a. These AgNWs with the length of tens of
micrometers are irregularly wrapped on the MP surface, and
randomly form an efficient conducting network. The AgNW
network could bridge the grain boundaries and adjacent
graphene sheets to provide effective transport channels, bringing
on the reduction of the RSH. After brushing the AgNWs, the RSHis
significantly reduced from 1280 to 42 Ω/sq. Meanwhile, the
transmittance at 550 nm drops from 81.5% to 77.8%, as shown in
Figure 5b.
Figure 5c shows that the photovoltaic performance of the solar

cell which is obviously improved after brushing the AgNWs.

Figure 2. (a,b) Raman spectrum and the intensity ratios I2D/IG and ID/
IG of the GNWs corresponding to growth times of 30, 35, 40, and 45
min. (c) Transmittance of GNWs in the range 400−1100 nm. (d) Sheet
resistance and transmittance at 550 nm of the GNWs with different
growth times.

Figure 3. (a) Illustration of the GNWs-MP solar cell structure. (b)
Current density−voltage (J−V) curves with different growth times
under AM1.5 illumination. (c,d) Plots of VOC, JSC, FF, and PCE as
functions of growth time.

Figure 4. Comparison of (a) light J−V curves and (b) EQE of the
GNWs-planar Si solar cell and GNWs-MP solar cell with same growth
time of 35 min.
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Compared with the intrinsic performance, the variations of the
VOC and JSC are tiny, while the FF is remarkably enhanced from
38.0% to 64.4%, which corresponds to increasing rate of about
70%, and leads to a PCE of 6.6%. To better understand this
phenomenon, the important parameters of series resistance (RS)
and diode ideal factor (n) are extracted from the dark J−V curves
for further analysis. The nonideal forward J−V characteristics of
the Schottky diode model can be expressed as31
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where q is the electronic charge, k is the Boltzmann constant, and
JS is the reverse saturation current density. The RS is estimated
from the slope of d(V)/d(ln J) versus J plot, and the n is
calculated from the intercept.32 From Figure 5d, it can be seen
that the AgNWs-GNWs-MP solar cell has a larger forward
current and the RS could drop from 3.2 to 1.1Ω cm2 after AgNW
brushing. This result clearly reflects more efficient transport for
the AgNWs-GNWs-MP solar cell. Meanwhile, the n is 1.8 and 1.4
for the pristine and AgNWs-GNWs-MP solar cell, respectively.
The reduction of nmeans the carrier recombination is inhibited,
as a result of the reduction of RS. Thus, the enhancement of the
PCE is attributed to the AgNWs conducting network, which
brings faster and more efficient carrier transport.
The stability of the solar cell is important to the practical

application. In a previous report, AuCl3 and volatile oxide, such as
HNO3 and SOCl2, were used to chemically dope graphene or
carbon nanotube (CNT).33−35 However, the PCE of the doped
solar cells gradually degraded after some time, because of the
unstable chemical doping. We stored the AgNWs-GNWs-MP
solar cell at 25 °C and 50% humidity without any encapsulation,
and then detected the performance of the cell over time. The
comparison with the reported chemically doped Gr-Si and CNT-
Si solar cells is shown in Table 1. The photovoltaic performance
of the AgNWs-GNWs-MP solar cell slightly degrades to 6.4%,
only 3% loss after 20 days for the original efficiency (Supporting
Information Figure S3). This stability is overwhelmingly superior

to that of the HNO3-doped and SOCl2-doped Gr-Si solar cells,
and also exceeds the stabilities of the AuCl3-doped few-layers
graphene-Si solar cell and HNO3-doped CNT-Si solar cell with
encapsulation. For our solar cell, the decrease of the FF from
64.4% to 62.8% is the main cause for the PCE degradation, while
the VOC and JSC mainly remain constant. The reason for the
degradation may be that the AgNWs networks would be oxidized
and eroded when exposed to the air for a long time.36 The
obvious surface roughness of AgNWs could be observed after 20
days exposure, as shown in Figure S4 (Supporting Information).
This mechanism still needs additional related experiments to
illuminate.

3. CONCLUSION
In summary, we reported a novel GNWs-MP solar cell produced
by directly growing graphene nanowalls onto themicropyramidal
Si substrate using a PECVD method. The optimal original
efficiency of 3.8% occurs at the growth time of 35 min for the
suitable combination of sheet resistance and transmittance. To
further enhance the conductivity of the GNWs, we integrated
AgNWs with GNWs by a simple brush-painting process, and
achieved a low sheet resistance of 42 Ω/sq. A high efficiency of
6.6% is obtained from the AgNWs-GNWs-MP solar cell.
Furthermore, this cell possesses good stability, compared with
the reported chemically doped solar cells, only 3% degradation
for the original PCE after storing in air for 20 days. These results
present a simple way for low-cost, stable, high-efficiency, and
environmentally friendly solar cells.
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