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High-Efficiency Graphene-Oxide/Silicon Solar Cells with an

Organic-Passivated Interface

Qing Gao, Jun Yan, Lu Wan, Cuili Zhang, Zhixi Wen, Xin Zhou, Han Li, Feng Li,
Jingwei Chen, Jianxin Guo, Dengyuan Song, Benjamin S. Flavel,* and Jianhui Chen*

A breakthrough in graphene-oxide/silicon heterojunction solar cells is
presented in which edge-oxidized graphene and an in-plane charge transfer
dopant (Nafion) are combined to form a high-quality passivating contact
scheme. A graphene oxide (GO):Nafion ink is developed and an advanced
back-junction GO:Nafion/n-Si solar cell with a high-power conversion
efficiency (18.8%) and large area (5.5 cm?) is reported. This scalable solution-
based processing technique has the potential to enable low-cost carbon/

silicon heterojunction photovoltaic devices.

1. Introduction

The development of renewable energy sources is crucial if cur-
rent worldwide energy demands are to be met without further
destruction of the environment. For crystalline (c-Si) solar cells,
this equates to a continued effort to simplify manufacturing
processes, reduce production costs, and maintain or improve
efficiency. c-Si solar cells occupy =95% of the worldwide photo-
voltaic (PV) market,!) and over 70% of this can be attributed to
the aluminum back surface field (AlI-BSF) cell, but its power
conversion efficiency (PCE) is limited to =20%.1 More compli-
cated and thus expensive cell designs are required in order to
achieve efficiencies close to the theoretical limit of =29%. These
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include the passivated emitter and rear cell
(PERC), the silicon heterojunction (SH]J)
cell,Pl the interdigitated back contact (IBC)
cell,™ the tunnel-oxide passivating contact
(TOPCon) cell,P! and the heterojunction-
interdigitated back contact (HJ-IBC) cell,
which currently holds the PCE record for
crystalline silicon solar cells at 26.7%.1%
Fortunately, the use of composite nanoma-
terials as new carrier-selective contacts and
passivation layers in these designs offers a
solution to the complexity and cost of their
manufacture. For example, Bullock et al. recently used transi-
tion metal oxides such as molybdenum oxide in a dopant-free
asymmetric heterocontact cell”l and Chen et al. developed an
ink-based carbon nanotube-passivated charge selective contact
that could be directly spin coated onto the silicon wafer, and
achieved device efficiencies exceeding 22%.!

The high carrier mobility (=2 x 10° cm? V! s7) and optical
transparency (=97%)""! of graphene (Gr) have made it attrac-
tive as a transparent electrode in photovoltaic technologies. In
2010, Li et al. reported a Gr/Si heterojunction solar cell with
an efficiency of 1.5% and showed that a Schottky junction is
formed between a single layer of Gr and n-type Si (n-Si) sub-
strates.'” Thm et al. then showed that there was direct depend-
ence of the open-circuit voltage (Voc) on numbers of graphene
layers. Since then, researchers have worked to improve the
performance of Gr/Si solar cells with the use of doping strat-
egies for the Gr, dielectric interlayers, and antireflective coat-
ings. p-type dopants such as chlorine and nitrates!"” have been
shown to enhance the built-in field and increase the PCE to
=10% and dielectric layers including SiO,,3] MoS,," Al,053,1!
GO, 3.hexylthiophene (P3HT),"® and fluorographenel'!
have all been shown to passivate interfacial defects on the n-Si
surface. Brus et al. studied the current transport and stability
of graphene/hydrogen- or methyl groups- (CH;-) passivated
silicon heterojunction solar cell.’®! Furthermore, transparent
materials such as MgF,/ZnS,12¢¥ Ti0,,2% PMMAPY have been
used as antireflective coatings. For example, Shi et al. have
shown that the efficiency of the Gr/Si Schottky barrier solar
cells can be increased from 6.5% to 14.1% after TiO, coating
and HNO; doping,?”! and Ma et al. employed an MoS, inter-
layer as an electron blocking layer and achieved a record high
PCE of 15.8%, albeit on an area of 0.03 cm?.22]

Despite these impressive performance gains, further
improvements will be difficult due to the lack of a bandgap
and thus semimetal nature of Gr. As such, although Gr pro-
vides good minority carrier extraction, it is poor at blocking

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. a) Schematic of the n-Si solar cells used in this work. b) A photograph of the GO:Nafion ink and the proposed scheme of operation involving
charge transfer doping on the upper and lower layers of multilayer GO. c) A transmission electron microscopy (TEM) images and d) a photograph of
a GO:Nafion coating on silicon. e) Contact angle measurement of the GO:Nafion ink on silicon.

the majority carriers at the Gr/Si metal-semiconductor (MS)
heterojunction.'?8] The oxidation of graphene, i.e., the forma-
tion of graphene oxide (GO), provides a solution to this problem
and has been shown to introduce a bandgap of 0.11-4.0 eV?3 in
Gr. Nafion was reported to dope carbon electrodes effectively,l
exhibit a permanent doping effect in organic light-emitting
diodes!®®! and organic solar cells,?l and passivate dangling
bonds on Si wafer surface in c¢-Si solar cells.””) In this work,
we therefore develop an ink of GO mixed with Nafion that can
be spin coated on a n-Si wafer. Low interface recombination is
provided by the Nafion and carrier selection by the GO. Using
this approach, a large area (5.5 cm?) of GO:Nafion/Si solar cell
with a high PCE of 18.8% is demonstrated.

2. Results and Discussion

Figure 1a shows the solar cell architecture used in this work.
For the first time in the Gr/Si photovoltaic community, the
GO:Nafion layer was placed on the rear of the cell in a back
junction design. An electron-selective passivation contact com-
prising n-doped hydrogenated amorphous silicon with an ITO
overlayer (ITO/a-Si:H(i/n")) was used to enhance light trapping
and reduce surface recombination. Shear force mixing was
used to disperse 8 mg mL™ of 4-10% edge-oxidized graphene
in Nafion (Figure 1b) and afford a GO:Nafion ink that had
good wettability on silicon (Figure 1c). This is evidenced by the
small-measured contact angle of 19.7° (Figure 1d) and which
facilitated the formation of large-area coatings by spin coating.
As a control, Gr was also shear force mixed in Nafion at con-
centration of 8 mg mL™L. Either of these inks were then spin
coated onto the back of the Si wafer, a thin film of Ag was
evaporated on top of this and finally an electrical Ag paste was
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applied for encapsulation and to block the ingress of small
quantities of water.l®l Atomic force microscopy (AFM) revealed
that the GO:Nafion layers completely covered the Si surface and
a root mean roughness of 89 nm was recorded (Figure S1, Sup-
porting Information). Roughness was found to be beneficial in
forming electrical contact between the GO sheets and the Ag
electrode. This is because GO has good electrical conductivity
and when the GO sheets are irregularly arranged, they form a
good electrical point contact to the silver. In the following dis-
cussion, it will now be shown that the GO:Nafion layer simul-
taneously forms a p-n junction with silicon and passivates the
surface defects at the GO:Si interface.

Figure 2a shows the Raman spectra of the GO, GO:Nafion,
and Gr:Nafion samples. The peaks at 1341, 1571, and 2685 cm™
are D, G, and 2D modes, respectively.”?!l The G band is due to
the E,, phonon and represents sp* C=C hybridization.”® The D
band is due to the A;, symmetry/?®] and its intensity, Ip, is associ-
ated with the amount of sp*> bonding.?’! Therefore, the Raman
spectra of the Gr:Nafion show that the Gr is mainly sp? hybrid-
ized. The presence of a G band and a D band for the GO and
GO:Nafion samples indicates that oxidation is partial and is con-
sistent with the edge-oxidation of GO. The intensity ratios of the
G to 2D band, I¢/I;p, for GO and GO:Nafion samples were 0.35
and 0.34, respectively, and this indicates the presence of mul-
tilayers in the GO sample.’% In addition, after GO was mixed
with Nafion, the intensity of D band changes. The intensity
ratios of D to G band (Ip/Ig) were 0.26 and 0.72 for the GO and
GO:Nafion samples, respectively. This value reveals information
about the sp*:sp? ratio in the sample,! and indicates a chemical
modification of the GO upon exposure to Nafion. As measured
by ultraviolet photoelectron spectroscopy (UPS) in Figure 2b,
this imparts a difference in the work function for the GO:Nafion
and Gr:Nafion samples compared with GO alone. By taking the

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a) Raman-, b) ultraviolet photoelectron-, and c) photoluminescence spectra of GO, GO:Nafion, and Gr:Nafion samples. The Fermi Energy
(Eremi) of GO, GO:Nafion, and Gr:Nafion films are 21.14, 21.08, 21.14 eV, respectively. d) Minority carrier lifetime measurements of thin films of these

samples on an Si wafer.

inelastic electron cutoff energy (E.uon) and the Fermi level (Ef)
of the corresponding Au calibration, the work functions of GO,
GO:Nafion, and Gr:Nafion were determined to be 5.01, 5.84, and
4.84 €V, respectively. Note that the work function of the Nafion
is 4.20 eV.?l Tt is clear that the work function of GO:Nafion is
higher than that of GO or Nafion. This indicates that charge
transfer doping has occurred in the GO:Nafion case and the reac-
tion between the Nafion and GO is important for the work func-
tion. In addition, the work function of GO:Nafion is higher than
that of Gr:Nafion. A high work function p-type material is ben-
eficial in a p-n junction as it increases the V¢ and forms a high
transport barrier for electrons. Photoluminescence spectra meas-
ured with an excitation wavelength of 750 nm (Figure S2, Sup-
porting Information) shown in Figure 2c show that the bandgap
of GO and GO:Nafion samples is determined to be 1.62 eV and is
consistent with the results of Liang and Spano et al.l??

Using the technique of the quasi-steady state and transient
photoconductance decay (PCD), the minority carrier lifetimes
(7eq) for silicon wafers coated with a GO film, a GO:Nafion film,
or a Gr:Nafion film were measured and are shown in Figure 2d.
The lifetime of GO/Si was 0.05 ms, which indicates that there
is no passivation effect from GO alone. Alternatively, the life-
time of the GO:Nafion/Si and Gr:Nafion samples dramatically
improved to 1.19 and 0.98 ms, and is associated with the ability
of Nafion to passivate electron traps at the Si surface.””! This
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effect is based on an electrochemical passivation mechanism,
which has been explained in detail in our previous work!*”33l and
originates from the grafting of the sulfonic functional group in
the Nafion molecule onto the Si surface. This high level of passi-
vation is reflected in an increase of the implied Vy¢ (iVoc) from
567 to 670 mV for the GO to GO:Nafion samples. To summarize,
Nafion passivates silicon effectively whereas GO and Gr do not.
Similar to our previous work on low-D:organic inks with carbon
nanotubes,?!! a conductive passivating contact is obtained.

UPS data allow for the band line-up diagrams in Figure 3a,b
to be drawn. A very thin SiOR layer is formed during passiva-
tion and originates from suboxidization of Si surface-dangling
bonds by the organic Nafion molecule by the electrochemical
grafting O groups in the sulfonic group onto Si surface (R is the
surplus O-containing constituent in the Nafion molecule).?’]
The SiOR layer is beneficial to reduce interfacial recombina-
tion and improve the effective transport of holes. GO:Nafion
has a higher work function than GO and Gr:Nafion and this
leads to greater band bending at the interface, the extent of
which was quantified by C2-V plots at a signal frequency of
400 kHz for the GO:Nafion/Si and Gr:Nafion/Si heterojunc-
tion solar cells in Figure 3c. The GO:Nafion/Si heterojunction
shows a higher (0.773 eV) built-in potential than the Gr:Nafion/
Si (0.683 eV) heterojunctions. Here, despite Gr:Nafion also
having excellent interfacial passivation, the lower work function

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Band schematic diagram of: a) GO/Si and GO:Nafion/Si, and b) Gr:Nafion/Si heterojunctions. c) Capacitance-voltage measurements to
determine the built-in potential, d) Gr:Nafion/Si and GO:Nafion/Si solar cell performance statistics. e) The current density—voltage (J-V) curves of Gr
and GO solar cells. The powders of GO and Gr were dissolved in ethanol at 8 mg mL™, and then spin-coated at 5000 rpm under an N, atmosphere
at room temperature. f) J-V curves and the champion photovoltaic performance parameters of GO:Nafion/Si solar cell. g) The corresponding EQE

curve of the champion GO:Nafion/Si solar cell.

and thus reduced band bending limit the performance of this
MS heterojunction.l%3 This also highlights the advantage of
using edge-modified Gr for this application. As a 2D material,
graphene has a work function that is determined by its grafted
edges and in-plane doping. This leads to the observation that
when Gr is edge is oxidized by 4-10% its work function changes
from 4.68 eV (Figure S3, Supporting Information) to 5.01 eV
and after Nafion doping to 5.84 eV.

In Figure 3d, a comparison of the performance of Gr:Nafion/n-
Si solar cells and GO:Nafion/n-Si solar cells is shown. A lower
Voc and FF in the case of the Gr:Nafion/n-Si solar cells results
in a lower PCE compared with the GO:Nafion devices. Gr/Si and
GO/Si heterojunction solar cells without the Nafion passivation
are shown in Figure 3e. Figure 3f shows an J-V curves of

Adv. Mater. Interfaces 2022, 9, 2201221 2201221 (4 of 7)

GO:Nafion/Si solar cell. The dependence of the GO:Nafion ratio
is also shown in Figure S4 (Supporting Information). A high
PCE of 18.8% (Table S1, Supporting Information) with a V¢ of
654 mV, a short-circuit current density (Jsc) of 40.1 mA cm™,
and a fill factor (FF) of 71.9% was achieved. Good external
quantum efficiency (EQE) was demonstrated and an integrated
Jsc of 40.1 mA cm™ was obtained (Figure 3g). In comparison, the
Gr:Nafion/Si solar cells exhibited a lower V¢ (564 mV) and FF
(53.54%) and this led to lower PCEs of =11.6%. In addition, the
Gr:Nafion/Si solar cells have the advantage that there is no con-
cern about the lateral transport of the GO:Nafion composite film
because the solar cell back contact is not limited by any grid.

2D photoluminescence (PL) mapping was performed on both
solar cells with an area of 3 x 3 cm?, Figure 4a. A homogenous

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

This work |l

(5.5)
16 M (0.09

[ W@©01-05cm) W

1 L 1 n 1 " 1 n 1 " 1

oN B O ®
T
-

2010 2012 2014 2016 2018 2020 2022

Years

(o}

INTERFACES

www.advmatinterfaces.de

17000

PL intensity (a.u.)

40
Casf Jee
2 3o
£
; 25  Area(cm?): 7.56
> 20| pJg, (MA/cm?): 40.0
S PV, (MV): 670 ]
T 15 AT H
- PFF (%): 80.6 .
S 10| PPCE (%) 216 E
5

5 b
O v, 3

0
0 100 200 300 400 500 600 700
Voltage (mV)

Figure 4. a) Photoluminescence intensity map of a 3 X 3 cm? solar cell without (left) or with (right) GO:Nafion film. The thickness of GO:Nafion film
is =500 nm and the dark stripe in the middle of the solar cell is an Ag grid on the front side of device. b) Published efficiencies of Gr/Si solar cells with
the active area indicated. c) Pseudo J-V curve and photovoltaic performance parameters for a GO:Nafion/Si solar cell.

PL contrast in both cases indicates minimal film variation
across the surface, but a higher PL intensity for the GO:Nafion
solar cell indicates that the Si surface defects have been more
effectively passivated. Figure 4b plots the PCE of previous
Gr/Si solar cells in the literature and compares them to our
work. More detailed information can be found in Table S1 (Sup-
porting Information). Not only is our device the largest but it
also has the highest efficiency. In addition, compared with the
previous reports,'%%! the solar cell architecture in our work,
in which the entire wafer defines the active area, rather than
a window-like design in which a carrier has to travel a distance
between generation and collection at a metal contact, is of sig-
nificant advantage.’? Pseudo J-V curve (Suns-Voc measure-
ments) in Figure 4c shows a pseudo FF (pFF) of 80.6% without
the serious resistance effect, and potentially predicts that a PCE
of 21.59% could be achieved with further optimization.

3. Conclusion

In conclusion, we introduce an advanced ITO/a-Si:H (i/n*)
front-contact structure to graphene-silicon solar cells and
design a GO:Nafion ink that can be spin coated to form a
GO:Nafion/n-Si junction. These advancements led to solar cells
with a high efficiency and device area (18.8%, 5.5 cm?). Nafion
is shown to increase the content of sp? hybridization in the gra-
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phene lattice, facilitate charge transfer doping, and enhance
the of band line-up of GO with silicon. The scalable fabrication
and good wettability of the GO:Nafion ink provides a favorable
direction toward development of carbon-based PV in the future.

4. Experimental Section

Solution Preparation: A Nafion solution with 10% water content was
obtained by mixing an original 20 wt% Nafion (Sigma-Aldrich, 20 wt% in
a mixture of lower aliphatic alcohols and 34% water) with ethanol (Sigma—
Aldrich, 20 proof, anhydrous, 299.5%). Simple magnetic stirring for at least
4 h was used to obtain a uniform precursor solution. GO (Sigma-Aldrich,
powder, 15-20 sheets, with 4-10% edge-oxidized content) was mixed in
Nafion or ethanol in the ratio of 2-8 mg mL™, then the solution was shear
force mixed for 3 h in order to prepare uniform solution to ensure the good
reproducibility of device performances. The Gr:Nafion ink was prepared in
the same way as GO:Nafion (Table S2, Supporting Information).

Solar Cells: The solar cell was fabricated using an (100)-oriented
n-type CZ wafers with a thickness of about 180 um, a resistivity of about
2 Q cm, and bulk-doping concentration of about 2.4 x 10"> cm=. The device
was fabricated with several steps: 1) wet chemistry, including texturing
and cleaning of wafer surface; 2) back surface polishing by covering the
back with tape and using a HNO3;/HF/H,O (4:1:2) mixed solution, which
was highly associated with the final GO:Nafion film morphology; 3) the
formation of the front electron-selective passivating contact, antireflection
layer, and metallization; 4) spin coating of GO:Nafion thin film on
the relatively flat back side at 5000 rpm under N, atmosphere at room
temperature; 5) thermal evaporation of a 300-nm full contact Ag electrode

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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on GO:Nafion thin film; 6) brushing Ag paste (SPI Supplies, 0 5001) on
GO:Nafion/Ag (evaporation). The resistivity and thickness of Ag paste
film after drying in air is 6.9 Q cm and 3 um, respectively.

Characterization: The lifetime was measured by spin-coating a
GO:Nafion thin film on both sides of float-zone Si wafers (280 um, n-type,
1-5 Q cm) double-sided mirror-polished surfaces with Sinton WCT-120
instrument. The surface topography and roughness of GO and GO:Nafion
films were measured by atomic force microscopy (MFP-3D Origin+). TEM
of GO was measured with a JEOL-2100 plus HRTEM by dropping the
solution into a copper mash. The contact angles were measured by fitting a
mathematical expression to the shape of the drop and then calculating the
slope of the tangent to the drop at the liquid-solid-vapor (LSV) interface
line (Drop Shape Analyser, DSA100, Kruss). The PL curves of the thin films
on the Si wafer were carried out with an excitation wavelength of 251 nm
(Hitachi F-7000), Roman spectra were obtained with Horiba LabRam HR
Evolution. Solar cells were characterized by current density—voltage (J-V)
measurements under standard test conditions (AM 1.5, 100 mW cm™
and 25 °C) and the EQE (R3011, Enlitech). J]-V measurements were
conducted using a solar simulator (SAN-EIXES-100S1, level AAA) and a
SYSTEM SourceMeter (Keithley 2601B). The light source was calibrated
by Reference Solar Cell (RS-ID4, Ser. No. 076-2014) from Fraunhofer
ISE before measuring the device. PL mapping was performed with a BT
imaging LIS-R1 system. Capacitance-Voltage (CV) curves were measured
with an E4980A LCR Meter at room temperature. The work function of
the films was measured on a Thermo Scientific ESCALab250Xi (He I,
21.22 eV) by ultraviolet photoelectron spectroscopy (UPS).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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