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ABSTRACT: Graphene quantum dot (GQD) layers were depos-
ited as an energy-down-shift layer on crystalline-silicon solar cell
surfaces by kinetic spraying of GQD suspensions. A supersonic air jet
was used to accelerate the GQDs onto the surfaces. Here, we report
the coating results on a silicon substrate and the GQDs’ application
as an energy-down-shift layer in crystalline-silicon solar cells, which
enhanced the power conversion efficiency (PCE). GQD layers
deposited at nozzle scan speeds of 40, 30, 20, and 10 mm/s were
evaluated after they were used to fabricate crystalline-silicon solar
cells; the results indicate that GQDs play an important role in
increasing the optical absorptivity of the cells. The short-circuit
current density was enhanced by about 2.94% (0.9 mA/cm2) at 30
mm/s. Compared to a reference device without a GQD energy-
down-shift layer, the PCE of p-type silicon solar cells was improved by 2.7% (0.4 percentage points).
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■ INTRODUCTION
Conventional silicon solar cells effectively convert only photons
with energy close to the silicon bandgap as a result of the
mismatch between the incident solar spectrum and the spectral
absorption properties of the material. Photons with energy
(Eph) smaller than the bandgap are not absorbed. If Eph is larger
than the bandgap (Eg), the photons are absorbed, but the
excess energy (Eph − Eg) is not used effectively owing to
electron thermalization. The response of silicon solar cells in
the UV region is poorer than that in the visible range. In the
last few decades, much research has been conducted to improve
the power conversion efficiency (PCE, or η) of silicon solar
cells by surface texturing,1−3 adding an antireflection coating,4,5

changing the doping concentration,6,7 metallization,8−10 and
designing new structures using n-type silicon wafers.11−15

Nanopatterned structures and metal nanoparticles were
recently used to exploit the plasmon effects of light scattering
onto the solar-cell surface to improve the light absorption in the
UV region and the photocurrent.16−18 However, there are
many challenges and limitations owing to the fast decaying
nature of the plasmon effects of controlled metal nanoparticles
on silicon solar cells, and it is difficult to penetrate the SiNx:H

antireflection coating (ARC) for near-field enhancement.19

Recently, researchers have reported effective use of the plasmon
effect for optically thin thin-film solar cells.20−23 However, the
use of newly designed materials including graphene quantum
dots (GQDs) as an energy-down-shift layer has not been
reported. GQDs are much smaller than graphene sheets and
graphene oxide (GO), and they consist of hybrid structures of
unique sp2 and sp3 composites.24,25 GQDs are, therefore, zero-
dimensional materials that have size-tunable bandgaps. Bulk
graphene has a bandgap of zero; however, size-controlled
benzenes, which are composed of graphene components, have
bandgaps of zero to a few electronvolts.26−28 GQDs made of
chemically modified graphene exhibit a variety of functional
stabilities and also have low toxicity, high fluorescent activity,
robust chemical inertness, and excellent water solubility.
Therefore, GQDs are potential candidates for use in nano-
devices and are suitable for use in optoelectronic devices,29,30

biological sensing, imaging, organic photovoltaics, and poly-
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meric devices.31,32 On the other hand, these materials are hard
to synthesize, and it is difficult to obtain a uniformly thin layer
of such material on solid substrates like silicon. For example,
producing thin layers of aqueous GQDs for organic photo-
voltaic or polymeric devices, is especially problematic because
GQDs are prone to agglomeration after drying. To overcome
this drawback, we used the method of kinetic spray coating,
which enables the formation of thin, uniform layers and, as a
result, is probably the best among the available methods.33

■ EXPERIMENTAL SECTION
Synthesis of Graphene Quantum Dots. GO was synthesized

using the modified Hummer’s method.34 The purified GO was
thermally reduced (250 °C, 2 h) inside a box furnace to obtain a fine,
uniformly sized (GO) powder.35 Reduced GO powder (0.5 g) was
then added to a mixture of sulfuric and nitric acid and mildly
ultrasonically vibrated for 24 h. The acidic ingredients were removed
from the solution by diluting the sample with distilled water after
centrifuging for 30 min at 4000 rpm. This rinsing process was repeated
six times. The sample was subsequently filtrated through a 0.025 μm
nanoporous Anodisc, and the resulting filtrate was purified overnight
using a 2000 Da dialysis bag. Next, a 3% suspension was synthesized as
an aqueous solution for coating the GQD layers.
GQD Layer Coating by Kinetic Spraying Method. The GQD

suspension was injected into the kinetic spray equipment, which was
designed in-house (Figure S1). The in-house fabricated components
included the gas tank, syringe pump, stainless steel nozzle, ultrasonic
atomizer, and x−y stage. The optimum settings for GQD coating for
the nozzle temperature, syringe pump flow rate, and traversed
substrate length per nozzle scan speed were 220 °C, 1 mL/s, and
12 mm/s, respectively (Figures S5 and S7).33

The moving nozzle was withdrawn after the solvent evaporates to
promote concentration36 and accumulation37 of the GQD droplets on
the substrate (Figure S1).33

Fabrication of Silicon Solar Cells. Pseudosquare crystalline-
silicon wafers with a length of 156 mm (6 in.) (area: 156 × 156 mm2)
were used as the starting material. Saw damage marks on the wafers
were removed by alkali (KOH) etching at 80 °C for 10 min. Next,
using POCl3 as the doping source, the silicon wafers were doped with
phosphorus to maintain the sheet resistance in the range of 55−60 Ω/
sq. The phosphorus-doped wafers were then treated to remove the
phosphorus silica glass (PSG) layer, and the back side of the
phosphorus-doped layer was removed by a buffer oxide etchant. A 90
nm-thick SiNx:H film was then deposited on the front side surface for
passivation and antireflection by a plasma-enhanced chemical vapor
deposition system (13.56 MHz, Tesolar, TES. Co. Ltd., South
Korea).38 For the metal electrodes of the solar cells, Al paste and Ag
paste were screen printed on the back and front sides, respectively.
Finally, the printed wafers were cofired using a belt furnace system at
870 °C and a belt feed rate of 4445 mm/min (175 in. per minute
(ipm)).
The synthesized GQDs were coated on the front surface of the c-Si

solar cell by kinetic spraying.
Characterization. The GQD layers were characterized using

various microscopic and spectroscopic techniques. For example,
surface micrographs and images were obtained using a high-resolution
scanning electron microscope (HRSEM; XL30SFEG, Philips Co., The
Netherlands), an optical microscope (OM; STM6, Olympus, Japan),
and an atomic force microscope (AFM) in noncontact mode (XE-100,
Park System, South Korea). The characteristics of the interface
between the substrate and the GQD layer were examined using a
transmission electron microscope (TEM) (JEM-2100F, JEOL, Japan)
and an energy-dispersive spectrometer (EDS; Oxford Istrument, UK).
Furthermore, the corresponding UV−vis absorption and reflection
spectra were recorded on a UV−vis spectrophotometer (V-670,
JASCO, Japan). Since GQDs are fluorescent materials, their
fluorescencecharacterized by the photoluminescence (PL)was
measured on a monochromator (MonoRa 750i, DongWoo Optron,

South Korea) equipped with a 325 nm laser. In addition, the crystal
quality and layer uniformity were determined using Raman spectros-
copy (LabRam Aramis IR2, Horiba, Japan) with a 532 nm laser. The
elemental composition of the samples was also analyzed by X-ray
photoelectron spectroscopy (XPS; PHI X-tool, ULVAC Technologies,
Inc., Japan) using an Al Kα X-ray source and an operating voltage of
1486.6 eV. The performance of the solar cells was determined using a
solar simulator (WXS-155−10, Wacom, Japan) under AM1.5G
illumination in accordance with the international standard IEC-
60904 (Class: AAA) by a current−voltage sweep. Furthermore, the
external quantum efficiency (EQE) was measured by a solar quantum
efficiency measurement system (laboratory-scale EQE system, PV
Measurements, U.S.A.).

■ RESULTS AND DISCUSSION
Fluorescent GQDs were synthesized and coated using a unique
kinetic spray deposition technique that supersonically accel-
erated droplets of GQDs onto silicon-solar-cell surfaces as an
energy-down-shift layer. Figure 1 schematically depicts the

kinetic spray coating method for energy-down-shift GQD
layers. Droplets were supersonically accelerated through a
converging−diverging de Laval nozzle.39 The GQD precursor,
an aqueous suspension of GQDs, was injected by air drag into
the nozzle throat and atomized by an ultrasonic atomizer upon
exposure to the high-speed gas stream.33 Synthesized GQDs
were coated under four different thickness conditions: nozzle
scan speeds of 40, 30, 20, and 10 mm/s. We did not consider
higher nozzle scan speeds because the process window for
coating was 10−40 mm/s. We coated additional GQD layers
on the silicon-solar-cell surfaces by kinetic spraying. The short-
circuit current density (Jsc) varied with the thickness of the
GQD layer, but the open-circuit voltage (Voc) and fill factor
(FF) did not change. The change in Jsc caused the PCE to
change, indicating that the improved PCE of silicon solar cell
devices with a GQD energy-down-shift layer was relevant to the
light-absorption ability and charge-carrier transport at different
thicknesses.40 At a nozzle scan speed of 30 mm/s, the PCE
increased from 14.88 to 15.27%.
Figure 2 shows HRSEM and AFM images of the surface

microstructure of GQD layers deposited at different nozzle scan
speeds. All the scan speeds yielded well-coated GQD layers on
hydrophilic silicon nitride surfaces. In particular, the scan speed
of 30 mm/s produced the most uniform morphology with small
aggregated particles, as shown in Figure 2c,d. In addition, well-
defined TEM images of GQD layers on silicon nitride/silicon
substrate are shown Figures 3, S2, and S3. In contrast, the
layers obtained at 20 and 10 mm/s exhibited strongly

Figure 1. Schematic of a silicon solar cell with energy-down-shift layer
of GQDs applied by kinetic spraying.
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agglomerated and randomly overlapping morphology, as shown
in Figure 2e−h.

A comparison of the UV−vis absorption spectra of the GQD
suspension and coated layers in Figure 4a shows that they
exhibited similar absorption peaks at a wavelength of about 375
nm.41 Compared to the UV−vis spectra, the fluorescence
spectra, as characterized by the PL spectra, reveal larger
differences between the layers and the suspension. The peak
positions of the PL spectra assigned to both samples appear at

nearly same position (530 nm). However, the difference of the
line width is confirmed in which the deposited GQD layers are
deconvolved to five peaks (Figure S4), and it is assumed that
line width broadening originates from the annealing process
during the coating method. In the kinetic spray process, heat
(180 °C) and supersonic kinetic energy were generated on the
substrate, which resulted in the reduction of the oxygen
functional group coordinated at the edge of GQDs. It could be
confirmed by downshift of the G peak position in the Raman
spectrum and decreased oxygen peak in the XPS data (Figure
4a,b). Recovery of the aromatic system led to π-stacking of
neighboring GQDs, which eventually increased the size effect
with red shift of PL peaks.42,43

In the drop casting and drying method (Figure S5d−f), the
annealing process was also treated and the same PL spectra
behavior was conformed. However, the degree of aggregation
could not be controlled, which caused the multiple peak with
larger red shift. On the other hand, in the spraying method
(Figure S5a−c), the peak position and the line width were
nearly unchanged, even in adding the number of coating cycle,
which means that the spray coating method could give
uniformity to any of substrate.
The coated GQD layers and the GQD suspension were also

investigated by XPS and Raman spectroscopy. The sp2 carbon
peaks in the C 1s photoelectron spectra (Figure 5b) overlap at
284.5 eV. The XPS intensities of carbonyl and carboxyl groups
with binding energies of 286−290 eV in the GQD layers,
however, were lower than their XPS intensities in the solution.
This difference resulted from the substrate temperature during
kinetic spray processing and partial chemical doping.44 Figure
5c,d shows the C 1s photoelectron spectra of the GQD layers
and the GQD suspension, respectively. Each C 1s spectrum can
be deconvolved into four or five peaks, which correspond to the
positions of CC (284.5 eV), the hydroxyl group (286 eV),
C−O (286.5 eV), CO (288 eV), and HO−CO (289 ± 0.2
eV). As in the case of the UV−vis spectra (Figure 4a), the XPS
results confirmed that the GQD layers and solution shared
many similarities. The results of micro-Raman spectroscopy
analysis are shown in Figure 5a. Micro-Raman spectroscopy
was performed on GQD layers and their aqueous counterparts.
Because the aqueous GQDs were drop-casted onto the
substrate, they could differ structurally and had different carbon
defects compared to the GQD layers. Figure 5a compares the D
(∼1360 cm−1) and G peaks (∼1580 cm−1) of the samples. The
G peak represents the hexagonal lattice of graphene, which is
associated with the double-degenerate E2g mode, and the D
peaks arise because of defects.45 The D peaks are almost
indistinguishable in Figure 5a, and there is only a small
difference between the G peaks. The OM images and the areas
calculated by a Raman mapping system differed drastically,
however, when the layers and the solution were compared
(Figure S6).
So far, we have evaluated and confirmed the characteristics of

GQD layers obtained by kinetic spraying of a GQD suspension
compared with those of the initial synthesized GQD solution.
On the basis of the results, we conclude that the GQD layers
possessed fluorescence and carbon characteristics similar to
those of the solutions. To experimentally verify the positive
effects, fluorescent GQD layers were applied to crystalline-
silicon solar cells as an energy-down-shift layer at nozzle scan
speeds of 40, 30, 20, or 10 mm/s and the cell performance was
analyzed.

Figure 2. HRSEM and AFM images showing the microstructure of
GQD layers deposited by kinetic spraying on a silicon nitride/silicon
substrate at nozzle scan speeds of (a and b) 40 mm/s, (c and d) 30
mm/s, (e and f) 20 mm/s, and (g and h) 10 mm/s.

Figure 3. TEM images of GQD layers at 30 mm/s: (a) GQD layers on
silicon nitride/silicon and (b) magnified image.
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The structure of the silicon solar cells with energy-down-shift
layers is shown in Figure 1. The GQD layers were coated on
fabricated silicon solar cells with areas of 4 × 4 cm2. The down-
shift layers were used on a nontextured structure because the
surface of a randomly textured pyramid yields diffuse
reflections. Therefore, it would have been difficult to conduct
an exact analysis of the energy-down-shift effect on the
nanoscale. The layers on the solar cells were optimized by
using different nozzle scan speeds from 10 to 40 mm/s and a 11
wt % suspension, as shown in Figures S7−9 and Table 1. The
parameters of the devices with GQD layers, expressed as the
difference between the values with and without the down-shift
layer, are shown in Figure 6a,b. In Figure 6a, the highest ΔJsc

value, 0.9 mA/cm2 (+2.94%), was obtained at a nozzle scan
speed of 30 mm/s; this result was related to the highest
incident photon to charge carrier efficiency values of the
devices with GQD layers. For the cells with GQD layers
prepared at 40 and 20 mm/s, Jsc improved by 0.2 and 0.4 mA/
cm2, respectively (Table 1). However, a negative value of ΔJsc,
− 0.6 mA/cm2 (−1.98%), appeared for the cell with GQD
layers prepared at 10 mm/s, implying that a high thickness of
the GQD layer played a negative role in light absorption. As a
result, ΔPCE also showed the same trend for the cells prepared
under the four coating conditions. On the other hand, the Voc

and FF did not change noticeably in the cells compared to the
reference device, as shown in Figure 6b. To understand the

Figure 4. (a) UV−vis absorption spectra and (b) PL spectra of a GQD suspension and GQD layers and (b, inset) PL spectrum of silicon nitride/
silicon.

Figure 5. (a) Micro-Raman shift and (b) XPS spectra of the GQD suspension versus GQD layers obtained by kinetic spraying. Deconvolved XPS
spectra for the (c) GQD solution and (d) GQD layers.
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degree to which the energy shift enhanced the photovoltaic
performance, we estimated the EQE, as shown in Figures 6c
and S8a. In addition, the values of internal quantum efficiency
(IQE) of absorbance of the cells, which confirm the energy-
shifting effect, are shown in Figures 6d and S8b. All the IQE
values of the cells were higher than those of the device without
the GQD layer. In particular, the surface exhibited an increased
energy-down-shift effect at UV wavelengths (300−420 nm),
confirming that the functional group on the edge of the GQD
played a positive role in light absorption. For the cell prepared
under optimum conditions (deposition at 30 mm/s), the PCE
was 15.3% compared to an initial value of 14.9%, which
represents ΔPCE of 0.4 percentage points and an improvement
in PCE of +2.7%.

■ CONCLUSION
This study shows that GQD layers can be produced by kinetic
spray coating of suspensions onto a silicon substrate. The

resulting layers possess fluorescence and carbon characteristics
similar to those of the solutions. Finally, we demonstrated that
the energy-down-shift performance of silicon solar cells varied
with the thickness of GQD layers. The layers absorbed UV light
and emit visible light by energy-down-shifting. However, when
the GQD layers on the surface were too thick, they played a
negative role in silicon solar cells. Consequently, we determined
the optimal conditions for coating of GQD layers with
maximized light absorptivity on the silicon-solar-cell surface.
At a nozzle scan speed of 30 mm/s, the layers shifted the
energy from UV wavelengths (300−420 nm) to visible
wavelengths (450−750 nm). The greatest increase in Jsc,
about 0.9 mA/cm2, was observed at this scan speed. The PCE
of the device using the layers deposited at 30 mm/s changed
from 14.9 to 15.3%, yielding a + 2.7% increase in efficiency. We
conclude that this work confirms that kinetic spray−coating is a
viable coating process for nanoelectronics and other silicon-
based devices. Kinetic spray coating can, therefore, potentially
broaden the range of suitable applications for solution-based
materials. Furthermore, this study confirmed the range of light
absorptivity for energy-down-shift layers on silicon solar cells
that potentially broaden the range of suitable applications for
solution-based materials.
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Table 1. Performance Parameters of Silicon Solar Cells with
Energy-Down-Shift Layers of GQDs Deposited at Nozzle
Scan Speeds of 40, 30, 20, and 10 mm/s

coating
conditions
(mm/s) η (%)

Voc
(mV)

Jsc
(mA/
cm2)

FF
(%)

ΔJsc
(mA/cm2)

change
in Jsc
(%)

40 before 15.23 622 30.69 79.76 +0.2 +0.65
after 15.29 622 30.89 79.56

30 before 14.88 622 30.20 79.26 +0.89 +2.94
after 15.27 622 31.08 79.00

20 before 15.43 622 30.77 80.56 +0.36 +1.18
after 15.55 622 31.14 80.28

10 before 15.21 622 30.65 79.82 −0.61 −1.98
after 14.93 621 30.04 79.98

Figure 6. Performance parameters of solar cells with down-shift layers: (a) changes in short-circuit current density, ΔJsc, and efficiency, Δη; (b)
changes in open-circuit voltage, ΔVoc, and fill factor, ΔFF; (c) external quantum efficiency, EQE; and (d) internal quantum efficiency, IQE.
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efficiency (EQE), internal quantum efficiency (IQE), and
light I−V data analysis. (PDF)
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