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Abstract

By employing graphene quantum dots (GQDs) in PEDOT:PSS, we have
achieved the efficiency of 13.22% in Si/PEDOT:PSS hybrid solar cells. The efficiency
enhancement is based on concurrent improvement in optical and electrical properties
by the photon downconversion process and the improved conductivity of PEDOT:PSS
via appropriate incorporation of GQDs. After introducing GQDs into PEDOT:PSS,
the short circuit current and the fill factor of hybrid cells are increased from 32.11 to
36.26 mA/cm? and 62.85% to 63.87%, respectively. The organic-inorganic hybrid
solar cell obtained herein holds the promise for developing photon-managing,

low-cost, and highly efficient photovoltaic devices.



Photon management strategies using microstructures or nanostructures to
manipulate the light have been widely used for various optical devices such as
photodetectors,? light-emitting diodes,>* and photovoltaics.>*® As for photovoltaics,
it has been reported that nanostructuring and/or microstructuring the surface of solar
cells can harvest more light and thus enhance the absorption of the active layer.5*°
Furthermore, in order to achieve high-efficiency photovoltaic devices, various
techniques have been provided to improve not only optical characteristics but also
electrical properties. For improving electrical properties, surface engineering methods
such as chemical treatment procedures have been applied to improve the surface
quality, reduce dangling bonds, and provide additional built-in electric field to induce
carrier separation effectively at the interface.° Concurrent improvement in optical
and electrical properties would greatly improve open-circuit voltage (Voc),
short-circuit current density (Jsc), and fill factor (FF) of the solar device, leading to a
higher power conversion efficiency (PCE).8%18

Si-based solar cells have dominated the commercial photovoltaic market in the
past decades, due to highly abundant Si materials, acceptable PCEs, and mature Si
semiconductor technologies. However, the cost to produce electricity per watt is still
high as compared to traditional energies.?’ Therefore, how to improve the “cost
effectiveness” of Si-based solar energy becomes an important task both in industrial
development and scientific research. As most of the cost in fabricating Si-based solar
cells comes from conventional high temperature procedures such as doping and ion
implantation processes, Si-organic based hybrid heterojunction solar cells fabricated
at low temperatures have become an emerging technology to effectively reduce the
fabrication cost.810-14

Si-organic based hybrid solar cells have been developed to adopt both the

advantages of the inorganic substance and Si to obtain a high PCE at a relatively low
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production cost. PCEs over 10% have been successfully reached in such devices by
either enhancing the optical or the electrical properties of the cells. For example, the
Zonyl addition to poly(3,4-ethylene-dioxythiophene):polystyrenesulfonate
(PEDOT:PSS) significantly improves electrical properties via facilitating the adhesion
on hydrophobic Si wafers, achieving the PCE of 11.34%.%® Moreover, much effort to
suppress the light reflection and enhance the photogenerated carrier collection
efficiency has been made for the purpose of optical and electrical concurrent
improvement via nanostructuring cells. The approaches are based on considering
theoretically superior light trapping ability, significant increase in the p-n junction
areas, and shortening carrier diffusion distance.!011141517.18 However, trapping light
as much as possible simply by increasing the aspect-ratio of Si nanowires usually
comes with a large shunt leakage across the cells due to the excessive junction,
surface recombination losses, and unconformal deposition of the metal electrodes
over high aspect-ratio Si nanostructure surfaces, yielding an unsatisfactory PCE of the
cell. Recently, a creditable attempt has been successful to achieve a high PCE
(11.48%) of hybrid solar cells by employing hierarchical structures providing efficient
charge separation/transport via increasing junction areas without sacrificing the
optical absorption.2 However, there is still a large gap in efficiency between hybrid
and conventional Si solar cells, impeding their development to becoming
cost-effective devices.

Graphene has received much attention in a wide range of fields due to its high
mobility. However, the lack of bandgap limits its potential in the practical applications
in semiconductor devices. Various efforts have been devoted to opening its bandgap,
which requires additional doping processes and becomes complicated and costly.
Graphene quantum dots (GQDs) exhibit unique semiconducting behavior and become

a newly emerging material for optoelectronic applications.?!?> The bandgap of GQDs
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has also been reported to be dependent on their chemical functionality.?? One of the
most interesting features of GQDs, however, is the photon downconversion property,
which is the ability to absorb photons in shorter wavelength regions and then emit
photons in longer wavelength regions. This phenomenon has previously been
observed in rare earth materials and some 11-VI semiconducting nanoparticles.®
Employing these photon downconverters which absorb light in the ultraviolet region
and emit light in the visible region could possibly exceed the Shockley—Queisser limit,
the maximum theoretical PCE of a solar cell.?® In addition to their distinguished
optical properties, GQDs can further enhance the conductivity of the organic layer 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 organic solution and becomes more suitable, as compared with typical
layer-like 2D materials, to uniformly deposit on a variety of surface structures such as
micropyramids or nanowires.

In this study, the introduction of GQDs to PEDOT:PSS for PEDOT:PSS/Si
organic-inorganic hybrid solar cells leads to the increase of Jsc from 32.11 mA/cm? to
36.26 mA/cm? and FF from 62.85% to 63.87% due to combined effects of photon
downconversion and improved conductivity of the PEDOT:PSS layer by GQDs. The
concurrent improvement in optical and electrical properties due to the introduction of
GQDs gives rise to a world-record high PCE of 13.22% among all the reported
Si/organic hybrid solar cells. The realization of high-efficiency hybrid solar cells
demonstrated here makes GQDs attractive for large-area and cost-effective cell
production.

Figure l1a shows the transmission electron microscopy (TEM) image of the
GQDs assembled on carbon film-coated Cu grids. The high-resolution TEM (HRTEM)

image in the inset of Figure 1a reveals the microstructure of a single GQD, exhibiting
5



0.246-nm fringes corresponding to the d spacing between graphene layers.?* From the
atomic force microscopy (AFM) image in Figure 1b, the size of the GQDs can be
quantitatively characterized. In the figure, the diameter of the GQDs along the blue
dashed line is around 2.9 nm, which corresponds to ~12 layers of graphene in each
QD. Figure 1c is the size distribution of the GQDs measured in TEM images. It is
shown that the average size of GQDs is 3.2 nm with the full-width-at-half-maximum
(FWHM) of the fitted Gaussian curve of 0.5 nm, demonstrating that the size of GQDs
can be well-controlled. Detailed preparation procedures of these water-soluble GQDs
are described in the Supporting Information.

The fabrication process of GQD-modified PEDOT:PSS/Si hybrid solar cells was
carried out according to the procedure shown in Figure 2. The micropyramid arrays
were fabricated on the top of the n-type Si substrate via an electrodeless chemical
etching process.>'® GQDs with various concentrations were then added to the
PEDOT:PSS solution prior to the spin-coating process. The PEDOT:PSS solution is
composed of PEDOT:PSS (PH 500 from Clevios) with 5 wt% of dimethyl sulfoxide
(DMSO from Sigma-Aldrich) and 0.1 wt% of Triton X surfactant (Triton X-100 from
Sigma-Aldrich). The PEDOT:PSS solution with GQDs was spin-coated on the Si
substrate, followed by an annealing process at 165 °C for 10 min. Finally, the Ag top
finger electrode and the Al back electrode were thermally evaporated on the sample.
Detailed device fabrication processes can be seen in the Supporting Information.

To verify the photon downconversion behavior of GQDs, we have performed the
photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy
measurements. As shown in Figure 3a, the PL spectrum was measured under the
excitation wavelength of 370 nm. The broadband emission with the peak at 451 nm is
similar to the previous studies.?*?> The PLE spectrum measured at the emission peak

of PL (451 nm) shows an excitation peak at 373 nm. From the above spectra, it is
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evident that photons can be downconverted from the ultraviolet (UV) region to the
visible region by the GQDs.

In addition, the absorption spectra of the PEDOT:PSS layers with various GQD
concentrations have been measured to characterize the light absorption properties.
Figure 3b shows the absorbance spectra of PEDOT:PSS layers with and without
GQDs on glass substrates. For aiding to further assess the absorption characteristics of
the GQDs, we define the absorption enhancement as the absorbance ratio of the
PEDOT:PSS layer with GQDs and the PEDOT:PSS layer without GQDs multiplied
by 100% (Figure 3c). One can see that PEDOT:PSS layers with GQDs exhibit vastly
enhanced light absorption at the near UV region, which is consistent with the results
shown in Figure 3a.

After sequential device fabrication processes, current density-voltage (J-V)
characteristics of hybrid devices with various concentrations of GQDs on Si
substrates were measured under the AM 1.5G illumination, as shown in Figure S1.
The measured photovoltaic parameters are summarized in Table S1. It is shown that
higher concentration of GQDs leads to higher Jsc, indicating more photons being
absorbed and downconverted in PEDOT:PSS layers. The device with 0.5 wt% of
GQDs shows the highest FF, leading to the highest PCE of 10.88%. The decrease in
FF with GQD concentration higher than 0.5 wt% could be attributed to the increased
recombination events induced with excess amount of GQDs, which will be discussed
later.

Despite the efforts being accomplished in enhancing the light harvesting ability
and the carrier separation efficiency at the interface of organic and inorganic materials,
we made the effort to improve the rear contact quality for reducing the back surface
recombination and the series resistance of the device. The highly doped layer creates

an ohmic contact and forms a built-in electric field between Si and the back electrode
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to reduce the recombination rate at the back surface, resulting in higher Voc and Jsc.
Accordingly, to further boost the performance of the hybrid solar cells, the devices
were fabricated with back surface field-treated substrates. The back surface field in Si
is formed by a heavily doped layer through a thermal diffusion of POCls. As shown in
Figure 4a and Table 1, with improved ohmic contact, induced built-in electric
potential, and reduced recombination sites at the junction between Si and rear contacts,
Voc and Jsc can be improved significantly. Consistent with the results above, the
device with 0.5 wt% of QDs shows an efficiency of 13.22%, which is the highest
among all reported Si/organic hybrid devices (Table S2). In Table 1, the photovoltaic
parameters are averaged over three different devices for each condition to verify the
results. The high temperature rear doping process is carried out at the Si substrate
processing stage without affecting the subsequent low-temperature hybrid cell
fabrication procedure.?® Recently, rear contact engineering techniques at low
temperatures for lowering thermal budget have been reported and may be applicable
for next-generation hybrid cell devices.?®

The external quantum efficiency (EQE) spectra of the devices with 0.5 wt% and
without GQDs and the EQE enhancement are shown in Figure 4b and Figure 4c,
respectively. The EQE enhancement is defined as the EQE of the device with 0.5 wt%
GQDs divided by that of the device without GQDs. One can see that in addition to the
broadband EQE enhancement in the visible light region, there is a peak of EQE
enhancement at 400 nm. The peak of EQE enhancement at 400 nm is consistent with
the absorption and the PLE spectrum of the GQDs, which can be attributed to the
photon downconversion behavior. For Si-based devices, most of the UV radiation
produces photogenerated carriers near the surface. The photogenerated carriers could
easily recombine in the presence of surface defects, leading to poor quantum

efficiency at UV regions.? With the addition of GQDs in PEDOT:PSS layers, part of
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the UV radiation can be well converted to visible light via the downconversion
behavior and reaches the depletion region of the device for photon absortption and
photoexcited carrier separation due to the built-in electric field, leading to largely
increased quantum efficiency at UV regions. Meanwhile, the slight broadband
enhancement from 500 nm up to 1000 nm corresponds to the enhanced carrier
collection efficiency due to the improved conductivity by employing GQDs, which
will be discussed below.

In Figure 4a and Table 1, it is revealed that devices with GQD concentrations
above 0.5 wt% show noticeable decrease in Jsc, FF, and PCE. To gain insight into the
phenomenon, we have performed the effective minority carrier lifetime measurement
using the quasi-steady-state photoconductance technique to evaluate surface/interface
defects. As shown in Figure 5a, devices without GQDs and with 0.1 and 0.5 wt%
GQDs show similar carrier lifetimes, whereas the device with 1 wt% GQDs shows an
obvious decrease in the minority carrier lifetime. The relatively short carrier lifetime
reveals that a more drastic carrier recombination event occurs in the device with
excess amount of GQDs. This is possibly due to the aggregation of GQDs, forming
carrier-trapping centers and preventing carriers being collected. We have measured
the sheet resistance of the PEDOT:PSS layers with different concentrations of GQDs
to understand the photovoltaic parameter trend shown in Table 1. It is seen in Figure
5b that the sheet resistance of the PEDOT:PSS layer exhibits the minimum at 0.5 wt%
and becomes higher at 1 wt%, leading to increased series resistance and reduced FF
of the device. Accordingly, improved carrier collection efficiency due to the improved
conductivity by employing GQDs with an appropriate concentration leads to the
broadband enhancement from 500 nm to 1000 nm. We note that further improvement
in the purity of GQD solution and the understanding of carrier recombination

behavior at the interface of GQDs and PEDOT:PSS should be studied for optimizing
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the performance of the hybrid cell, which is under investigation.

Conclusions

We have successfully fabricated Si/PEDOT:PSS hybrid solar cells with an
efficiency up to 13.22% by concurrent improvement in optical and electrical
properties via the downconversion effect and enhanced conductivity of PEDOT:PSS
due to introduction of GQDs. The low-cost, photon-managing, and high-performance
device design based on low-temperature solution processes holds the promise for

more cost-effective Si-based optical devices.
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Figure captions

Figure 1. (a) TEM and HRTEM (inset) images of GQDs. (b) AFM image of GQDs. (c)
The diameter distribution of the GQDs measured in TEM images. The blue line in (c)
is the Gaussian fitting curve.

Figure 2. Fabrication process of PEDOT:PSS/Si hybrid solar cells with GQDs.

Figure 3. (a) PLE (left) and PL (right) spectra of GQDs. (b) Absorbance spectra of
PEDOT:PSS layers without GQDs and with 0.1 wt%, 0.5 wt%, and 1 wt% of GQDs
on glass substrates. (c) Absorption enhancement of PEDOT:PSS layers with 0.1 wt%,
0.5 wt%, and 1 wt% of GQDs on glass substrates.

Figure 4. (a) J-V characteristics of PEDOT:PSS/Si hybrid solar cells without GQDs
and with 0.1, 0.3, 0.5, 0.7, and 1 wt% of GQDs. (b) EQE spectra of PEDOT:PSS/Si
hybrid solar cells without GQDs and with 0.5 wt% of GQDs. (c) EQE enhancement of
PEDOT:PSS/Si hybrid solar cells with 0.5 wt% as compared to cells without GQDs.
Figure 5. (a) Minority carrier lifetime of cells and (b) sheet resistivity of PEDOT:PSS

layer with various concentrations of GQDs.
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Table 1. Photovoltaic parameters® of PEDOT:PSS/Si hybrid solar cells with various

concentrations of GQDs.

GODs Voc Jsc FF PCE Rs Rsh
(V) (mA/cm?) (%) (%) (Q-cm?) (Q-cm?)
0.57 32.11 62.85 11.50
0 wt% 3.14 194.10
0.571 +0.002 32.05+0.07 62.49+0.34 11.42 +0.04
0.57 32.92 63.39 11.89
0.1 wt% 3.08 231.51
0.572 +0.001 32.69+0.23 63.11 +£0.27 11.80+0.13
0.57 34.16 63.70 12.42
0.3 wt% 2.94 396.89
0.569 + 0.002 33.98 +£0.16 63.41+£0.27 12.30 £0.09
0.57 36.26 63.87 13.22
0.5 wt% 2.84 509.27
0.571 +0.002 35.86 £ 0.35 63.67 £0.19 13.01£0.13
0.57 35.77 63.77 13.01
0.7 wt% 2.88 437.10
0.570 £ 0.001 35.24 £0.47 63.55+0.19 12.77 £0.20
0.57 34.77 62.25 12.41
1 wt% 2.91 372.87

0.571+0.002 34.59 +0.20 62.11+0.13 12.27 +0.09

4Data and statistics are based on the average of three different devices. Bold numbers
are the values of device with the highest efficiency.
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