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By employing graphene quantum dots (GQDs), we have achieved a high efficiency of 16.55% in n-

type Si heterojunction solar cells. The efficiency enhancement is based on the photon
downconversion phenomenon of GQDs to make more photons absorbed in the depletion region for
effective carrier separation, leading to the enhanced photovoltaic effect. The short circuit current and
the fill factor are increased from 35.31 to 37.47 mA/cm? and 70.29% to 72.51%, respectively. The
work demonstrated here holds the promise for incorporating graphene-based materials in
commercially available solar devices for developing ultrahigh efficiency photovoltaic cells in the

future.
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Graphene-based electronic and optoelectronic devices have been widely studied in the past decade
due to the unique properties of graphene such as high mobility, low cost, transparency, and

robustness. Impressive progress has been made, which includes using graphene as transparent
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conductive electrodes in solar cells and see-through resistive random access memories.(1-3) The
ultrahigh carrier mobility characteristic has also been utilized in developing transistors and ultrafast
photodetectors.(4. 5) Moreover, it has been reported that in solar cell applications, graphene can
serve as electrodes, carrier transport layers, and active layers of the device. For example, a
graphene surface has been modified with polymer interlayers as the cathode of ZnO nanowire hybrid
solar cells to achieve an efficiency of 4.2%.(1) Graphene nanoplatelets have also been applied as
catalytic counter electrodes in dye-sensitized solar cells (DSSCs) with an efficiency of 9.3%.

(2) Wang et al. have reported a remarkable method to develop low-temperature-processed
graphene/TiO, electron collection layers of thin film perovskite solar cells, which exhibits an
efficiency of 15.6%.(6) In addition, graphene has also been used to form Schottky junctions with
TiO, and n-type Si in DSSC and Schottky junction solar cells with efficiencies up to 6.06% and 8.6%,
respectively.(7. 8) Recently, MoS./graphene monolayer-based solar cells have been fabricated to
exhibit ultrahigh power density per kilogram.(9) Photovoltaic devices based on WSe,—MoS, 2D
lateral p—n heterojunction have also been demonstrated to exhibit a power conversion efficiency
(PCE) of 0.2%.(10) However, the absorption in these fully monolayer-based materials is limited,
leading to the unsatisfactory efficiency or restricted absorption range. To further realize graphene in
high efficiency industrial applications, the integration of graphene-based materials with commercially
available ultrahigh efficiency solar materials has become an important task and warrants further

investigation.

Graphene quantum dots (GQDs), exhibiting unique semiconducting properties, have becoming a
newly emerged material for optoelectronic applications.(11. 12) The bandgap of GQDs can be tuned
by adjusting their chemical functional groups.(12) Additionally, the most intriguing feature of GQDs
for optical applications is the photon downconversion property, which enables them to absorb
photons in shorter wavelength regions and then emit photons in longer wavelength regions.(11.

12) Employing photon downconverters with multiple electron—hole pairs generated per incident
photon could possibly exceed the Shockley—Queisser limit, the maximum theoretical efficiency of a
solar cell.(13) The downconversion phenomenon has been observed in rare earth materials and
some II-VI semiconductor nanoparticles, which are usually costly.(14) However, GQDs are excellent
alternative of downconverter materials because of abundant carbon on earth. In addition to their
distinguished optical properties, GQDs can further enhance the conductivity of the organic layers
due to the inherent high mobility of graphene to improve electrical properties of the device. The

superior solubility of GQDs in aqueous solution can also be integrated well with other commercially
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available fabrication processes and becomes more suitable than typical layered 2D materials to be

uniformly deposited on a variety of surface structures such as micropyramids or nanowires.

Si-based solar cells have dominated the commercial photovoltaic (PV) market in the past decades
due to high abundance of Si materials, high efficiency, and mature Si semiconductor technologies.
For achieving ultrahigh efficiencies in Si-based devices, Si heterojunction (SHJ) solar cells using n-
type substrates have attracted much attention in recent years. In April of 2014, Panasonic has
announced a high efficiency of 25.6% in its heterojunction with intrinsic thin-layer (known as HIT)
cells among all kinds of Si-based solar cells of practical size (100 cm? and above).(15) Compared
with p-type Si solar cells, n-type Si solar cells possess enormous advantages in terms of efficiency
and cost effectiveness including suitable band structure, high minority carrier lifetimes (up to the
millisecond range), no light-induced degradation caused by boron—oxygen pair, and high impurity
tolerance.(16-21) Despite the great success in developing high performance SHJ devices, a large
number of photons are still wasted, leading to the significant power loss. It is reported that the total
power loss is more than 20% of the current output power. As a consequence, there is a growing
interest in the scientific research and the industrial implementation of n-type SHJ-based PV
technologies with photon management strategies. Previously, by designing SHJ solar cells with
photon management schemes using various hierarchical structures, the high efficiencies of 15.14%
(nanowires on micropyramids) and 15.2% (micropyramids on microgrooves) with excellent
omnidirectionality have been achieved.(20. 21) Related works on n-type SHJ-based PV technologies
with photon management methods for the past years are summarized in Table S1 in Supporting
Information. Another major factor for the power loss is the light absorption loss in the a-Si.(22) Only
30% of light absorbed in the a-Si:H layer contributes to the short-circuit current due to the high
defect density in a-Si:H layers. It is known that most of the UV radiation produces electron—hole
pairs near the surface, severe recombination would occur in the a-Si:H layer due to the high defect
density. In order to reduce the defect density in a-Si:H layers or the thickness of the device,
additional chemical polishing, etching, or fabrication of ultrathin oxide layers has been applied.

(20) However, these would increase cost and complexity of the fabrication process. Therefore, an
alternative way to reduce the power loss is using downconversion materials such as GQDs to
convert light in the UV region to light in the visible region. The extinction distance of the visible light
is longer than that of the UV light, which increases the probability that the photons reach the

monocrystalline Si layer to reduce power loss.
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In the present study, the introduction of GQDs to n-type SHJ solar cells leads to the increase of
short-circuit current (Jsc) from 35.31 mA/cm? to 37.47 mA/cm? and fill factor (FF) from 70.29% to
72.51% due to the photon downconversion effect of GQDs to absorb UV light (which originally would
be absorbed in the high-defect-density a-Si:H layer and be wasted) and convert UV photons into
visible photons. The optical improvement due to the downconversion effect of GQDs gives rise to a
high efficiency of 16.55%. The realization of high-efficiency GQD-based SHJ solar cells
demonstrated here makes GQDs attractive for large area, high efficiency, and commercially

available cell production.

Micropyramidal Si surfaces were fabricated on as-cut Czochralski (CZ) n-type monocrystalline Si
(001) wafers by anisotropic chemical etching in a solution of potassium hydroxide (KOH, 45 vol %)
and isopropyl alcohol (IPA) at 85 °C for 20 min. The PECVD process was carried out at 150 °C for
the deposition of intrinsic a-Si:H buffer layer (5 nm)/p-type a-Si:H layer (6 nm) on top as emitter
layers, and intrinsic a-Si:H buffer layer (5 nm)/n-type a-Si:H layer (10 nm) on the back as surface
field layers. ITO contacts were deposited on both sides by the sputtering method, followed by Ag
grids on the top and a full coverage of Ag on the back using the electron beam evaporation. Finally,
various concentrations of GQDs were spin-coated on top of SHJ devices at 800 rpm for 90 s. A
commercial scanning electron microscope (JEOL JSM-6500 Field Emission SEM) has been utilized
to investigate the morphology of the substrate. Absorbance and haze spectra were measured for
wavelength region between 200 and 1200 nm under a UV-vis-NIR spectrometer (JASCO ARN-733)
with an integrating sphere and a noise level of 0.002%. Current density—voltage (J~V) characteristics
were measured using an Agilent B2902A precision source/measure unit. External quantum
efficiency (EQE) measurement has been carried out with a spectral response system (Enli

Technology Co., Ltd. R3011) for the wavelengths ranging from 300 to 1000 nm.

Water-soluble GQDs were prepared by using glucose and DI water as solute and solvent,
respectively.(11) The solution was heated with a microwave oven at 700 W for 11 min and cooled
down to room temperature for further device fabrication and characterizations. On the basis of the
previous work, the fluorescence quantum yields of GQDs are in the range of 7-11%.(11) The height
of the GQDs was characterized by atomic force microscope (AFM) (Digital Instrumennts NanoScope
IV) operated in the tapping mode. Transmission electron microscopy (TEM) and high resolution TEM
(HRTEM) were performed on JEOL JEM-2100F at an operating voltage of 200 kV. Raman scattering

spectrum was obtained using a Horiba Jobin Yvon HR800 spectrometer with an excitation laser at a
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wavelength of 488 nm. Photoluminescence (PL) and PL excitation (PLE) measurements were

carried out using a Hitachi F-4500 fluorescence spectrophotometer.

Figure 1a shows the AFM image of GQDs. The size of the GQDs can be quantitatively
characterized. As shown in the inset of Figure 1a, the diameter of the GQD in red circle A is around
3.4 nm. To reveal the structure of GQDs more clearly, Figure 1b shows the TEM image of GQDs
assembled on carbon film-covered Cu grids. It is shown that the diameter of the GQDs is consistent
with the results from the AFM profile. From the HRTEM images in the inset of Figure 1b, GQDs
exhibit 0.364 nm fringes corresponding to the d spacing between graphene layers, which are slightly
larger than the basal plane distance of bulk graphite (0.335 nm).(23) This can be attributed to the
presence of functional groups at the edges of the GQDs. Raman spectroscopy has also been used
to characterize GQDs, as shown in Figure 1c. Two significant peaks around 1340 and 1580 cm-

' represent D band and G band, respectively, which can be used to confirm the formation of GQDs.
(24) In addition, photoluminescence emission (PLE), photoluminescence (PL), and absorbance
spectra measurements have been carried out to characterize the optical behavior of GQDs.

In Figure 1d, the PL spectrum of GQDs is measured under the excitation wavelength of 375 nm. The
PLE spectrum measured at the emission peak of PL (453 nm) shows an excitation peak at 367 nm.
The above results indicate the downconversion behavior of GQDs, which is the ability to absorb light
from the UV region and emit light in the visible region. Figure 1e shows the absorbance spectrum of
GQPDs on the glass substrate. It is shown that GQDs mainly absorb light in the UV region, which is

consistent with the PLE spectrum. In the visible region, GQDs remain transparent. Therefore,

photons in the visible region can reach the depletion region of the Si substrate successfully without
being absorbed by GQDs.

Figure 1. (a) AFM image, (b) TEM and HRTEM (inset) images, (c) Raman spectrum, (d) PLE (left) and PL

(right) spectra, and (e) absorbance spectrum of GQDs.

To gain insight into the downconversion behavior of GQDs, we have measured the haze (H;)

spectrum of 0.3 wt % GQDs on the glass substrate, as shown in Figure 2. The haze can be
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expressed as L oual where Ty, Tow, and T...... denote diffused, total, and specular
transmittance, respectively and Tus = Tiw — Teecuar It IS sShown that H; is below 1% from 400 to 1200
nm, showing negligible light scattering throughout the visible and infrared regions. The peak at 350
nm can be attributed to the downconversion behavior of GQDs. Light in this region is first absorbed
by the GQDs and then emitted in various directions toward the surrounding. Accordingly, the
downconversion property in the UV region makes GQDs applicable for enhancing solar cell device

performances.
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Figure 2. Haze spectrum of 0.3 wt % GQDs on glass substrates.

The photographic image and the cross-sectional schematic of the SHJ solar cell are shown

in Figure 3a and b, respectively. The SHJ solar cell is fabricated by using as-cut CZ n-type
substrates to save the production cost and show its feasibility for mass production. Si micropyramids
were fabricated via an anisotropic etching process using a solution of KOH and IPA. Figure 3c and d
shows the low-magnification and high-magnification top-view SEM images of the micropyramids,
respectively. Figure 3e shows the cross-sectional SEM image of the micropyramids. Due to the high
water solubility of GQDs, they can be well spin-coated on top of various surface structures. After the
formation of SHJ solar cells, GQDs were spin-coated on top of the device and dried in ambient air

for further characterization. The actual cell size for measurement is 4 cm?>.

Figure 3. (a) Photographic image, (b) schematic, (c) low-resolution, (d) high-resolution, and (e) cross-

sectional SEM images of SHJ solar cells.

After sequential device fabrication processes, J~V characteristics of SHJ devices with various

concentrations of GQDs were measured under the AM 1.5G illumination, as shown in Figure 4a. The
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measured photovoltaic parameters are summarized in Table 1. It is shown that for the concentration
below 0.3 wt %, higher concentration of GQDs leads to higher Js, indicating that more UV photons
are absorbed and downconverted by GQDs and downconverted photons are collected by the
depletion region of SHJ. The device with 0.3 wt % of GQDs shows the highest Js; and FF of 37.47
mA/cm? and 72.51%, respectively, leading to the highest PCE of 16.55%. However, for the
concentration of GQDs over 0.3 wt %, performance degradation of the SHJ devices was observed. It
has been reported that a thicker GQD layer can lead to poor electrical conductivity, which results in
degraded Jsc, FF, and PCE.(25) The EQE of the devices with 0.3 wt % and without GQDs and the
EQE enhancement are shown in Figure 4b and c, respectively. The EQE enhancement is defined as
the EQE of the device with 0.3 wt % GQDs divided by that of the device without GQDs. In Figure 4c,
the significant EQE enhancement peak of up to 11% at 370 nm, whereas broadband EQE
enhancement (up to 4%) is observed from 400 to 1000 nm. This can be attributed to the
downconversion behavior of GQDs at the UV region and the broadband antireflection properties of
GQDs. Because most of the incident UV photons produce photogenerated carriers near the surface,
the photogenerated carriers could easily recombine in the presence of defects in the a-Si:H layer
and between layer interfaces, leading to poor quantum efficiencies at UV regions. With the addition
of GQDs facilitating the downconversion effect on SHJ cells, more photons with long wavelengths
can be absorbed and excite carriers in the depletion region for immediate photogenerated carrier
separation due to the built-in electric field, leading to the increased photovoltaic effect. In addition, it
has been reported that QDs can increase the surface roughness of the device surface, leading to
broadband EQE enhancement of solar cells.(14, 26)

Figure 4. (a) J-V characteristics of SHJ solar cells with various concentration of GQDs. (b) EQE spectra of
SHJ solar cells without and with 0.3 wt % of GQDs. (c) EQE enhancement spectrum of SHJ solar cell with
0.3 wt % of GQDs.

Table 1. Photovoltaic Parameters of SHJ Solar Cells with Various Concentrations of GQDs
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GQD concentration Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
bare 0.60 35.31 70.29 14.77
0.05% 0.61 36.05 71.19 15.66
0.1% 0.61 37.25 72.23 16.50
0.3% 0.61 37.47 72.51 16.55
0.7% 0.61 37.43 72.07 16.45
1% 0.61 37.27 71.71 16.30
2% 0.61 36.30 70.49 15.60

We have successfully fabricated n-type SHJ solar cells with the efficiency up to 16.55% by
employing the downconversion effect of GQDs. Because the expansion of operating spectral range
toward the UV region, the GQD downconverters can help in harvesting the full solar energy and thus
increase the photovoltaic effect, giving rise to the increase in Jsc and FF of the SHJ solar cells with
0.3 wt % GQDs from 35.31 to 37.47 mA/cm? and from 70.29% to 72.51%, respectively. This photon

management scheme via downconversion effect of GQDs successfully implemented into wafer-scale



Si cell fabrication processes would hold the promise for achieving large-area and cost-effective solar

cell production.
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