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ABSTRACT: Doping is an effective method for controlling the
electrical properties and work function of graphene which can
improve the power conversion efficiency of graphene-based
Schottky junction solar cells (SJSCs). However, in previous
approaches, the stability of chemical doping decreased over time
due to the decomposition of dopants on the surface of graphene
under ambient conditions. Here, we report an efficient and strong
p-doping by simple sandwich doping on both the top and bottom 0
surfaces of graphene. We confirmed that the work function of ' Voltage (V) Days (n)
sandwich-doped graphene increased by 0.61 eV and its sheet

resistance decreased by 305.8 €/sq, compared to those of the pristine graphene. Therefore, the graphene-silicon SJSCs that used
sandwich-doped graphene had a power conversion efficiency of 10.02%, which was 334% higher than that (2.998%) of SJSCs that
used pristine graphene. The sandwich-doped graphene-based silicon SJSCs had excellent long-term stability over 45 days without
additional encapsulation.

©
t=]
y

44.3% —e—Top
—&— Sandwich

n
=]
T

Current density (mAIcm2)
S

B INTRODUCTION To improve the PCE of SJSCs, a large Schottky barrier
height (¢5) between the p-type graphene and n-type Si should
be obtained; this status can be achieved by elevating W
Increased ¢by reduces the charge-carrier recombination rates
and increases the photovoltaic performance. Many efforts to
increase the ¢y of SJSCs have used postdoping with strong
acids”*’ (e.g, SOCl, H,0, and HNO,) and polymer
acids’™** (e.g, trietylenetetramine (TETA) and trifluorome-
thanesulfonic acid (TFSA)) on the graphene surface to achieve
a high Wg. Cui et al.”” reported that the PCE of a graphene/Si
SJSC can be increased from 2.45 to 5.95% by doping on the
surface of graphene with SOCl,. However, this doping effect
deteriorated over time to PCE = 2.24% after 8 days under
ambient conditions. The highest PCE of the graphene/silicon

Silicon (Si) solar cells based on the p—n junction have the
highest power conversion efficiency (PCE) of 26.6%.'
However, these solar cells are fabricated by an expensive ion
implantation process to substitute dopants into their lattices at
high temperature. The high temperature process causes the
decrease in Si minority carrier lifetime, thereby degrading the
efficiency of Si solar cells. Compared to the traditional p—n
junction solar cells, the Schottky junction solar cells (SJSCs)
are fabricated at low temperature; this method has the
advantage of easy manufacturing at low cost. The Schottky
junction induces a low forward voltage drop, while allowing for
fast switching speed and a low voltage overshoot when turning

lights on.””" Several SJSCs based on the Si semiconductor . A ) . .
have used materials with metallic properties as the metal layer S SCS, report.ed i faris 1,4'5 v b.y chemlF al doping wzlzh HNO,3
such as conducting polymers,5’6 thin metals,*” metal oxides,”’ combined with TiO, antireflection coatings (ARC),™ but this

and two-dimensional materials as the metal layer 10—12 PCE also deteriorated, in this case, to 6.5% after 20 days. Such

Among these materials, graphene is an attractive material for a cll)eterllolr(ziitlorli li t,hed ren:ialglng prol;lem tﬁ’ 501ve"th Iy(3
use in SJSCs owing to its high carrier mobility, transparency in uarside photomauced coping of graphiene with @ poly(o-

visible wavelengths, chemical stability, and electrical properties }1Ae.xylthi‘ophene-2, S-diyl) (P3HT) thin film at; the graphene/
that can be adjusted easily by doping.”>~'* Graphene also has silicon interface and subsequent TFSA doping for the top

potential uses as a transparent conductive electrode,'®'” an
additive material to photoactive layers,'® and a charge Received: December 2, 2020
transport layer in the field of solar cells."”*® It has been first Accepted:  January 15, 2021

applied to SJSCs as a metal junction layer, as reported by Li et Published: January 26, 2021

al. in 2010.”" However, these SJSCs have high charge-carrier
recombination rates and a low work function (W), so they
have a poor PCE of 1.5%.

© 2021 The Authors. Published b
American Chemical Societ; https://dx.doi.org/10.1021/acsomega.0c05871
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Figure 1. (a) Schematic illustration of the pristine graphene/silicon SJSC, top-side-doped, bottom-side-doped, and sandwich-doped graphene/
silicon SJSCs. (b) Atomic compositions of N 1s, Au 4f, and Cl 2p for the four differently doped graphene. (c) Work function by the doping

method.
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Figure 2. (a) Raman spectra of the graphene transferred onto the SiO, substrate (left) and magnified spectra of G- and 2D-band regions (right).
(b) Sheet resistance and (c) optical transmittance of the differently doped graphene.

surface of graphene increased the PCE to 10.24% from the
pristine (undoped) graphene PCE of 0.6%.”> However, the
dopant is not immediately activated, so the P3HT interlayer
must be exposed to sunlight (AM 1.5G) at least for 1 h to
saturate the doping effect.

In this study, we developed a simple process that we call
sandwich doping for graphene. Sandwich doping is a double-
sided chemical-doping process: first, the bottom side of the
graphene is doped by adding benzimidazole (BI) during the
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etching process of copper (Cu) from graphene/Cu foil; then,
the bottom-side-doped graphene is transferred to a Si
substrate, and the top side of the graphene is doped using
HAuCl, solution. We measured W, sheet resistance Rg, and
stability of graphene after sandwich doping and compared
them to graphene that had been only top-side-doped, only
bottom-side-doped, or had not been doped (pristine). The
sandwich-doped graphene had the highest W, the lowest Ry,
and the best photovoltaic performance. The SJSC with the

https://dx.doi.org/10.1021/acsomega.0c05871
ACS Omega 2021, 6, 3973-3979


https://pubs.acs.org/doi/10.1021/acsomega.0c05871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05871?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05871?ref=pdf

ACS Omega http://pubs.acs.org/journal/acsodf
@ (b)
103 F —— Pristine i— Bottom-side doping
- r —— Top-side doping 10 i. —— Sandwich-doping
§ r s F
= F < F
-5
.‘;10 r 05 840 meV 7 107 |
c 3 s e E
S r g r
E 107 L ‘5 10 o
5 95900 mev | 510 " 0 1070 meV
o [3) -
10° 1 1 : 1 1 103 1 1 1 1
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
Voltage (V) Voltage (V)
© 40 — @ 49
—— Pristine Bottom-side doping
= —— Top-side doping - I —— Sandwich-doping
5 30 E 30
< < |
E E
2 20 |- 2 20 |-
[} 7]
c < |
3 [
° °
€ 10 - £ 10 |-
g g
5 5 i
© 0 © 0
1 N\ 1 1
-0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6
Voltage (V) Voltage (V)

Figure 3. Characterization of graphene/silicon SJSCs fabricated by differently doped graphene. Dark J—V curves of SJSCs with (a) pristine and top-
side-doped graphene and (b) bottom-side-doped and sandwich-doped graphene. Light J—V curves of SJSCs with (c) pristine and top-side-doped

graphene and (d) bottom-side-doped and sandwich-doped graphene.

sandwich-doped graphene had PCE = 10.02% with a negligible
change during 45 days under ambient conditions without any
encapsulation.

B RESULTS AND DISCUSSION

Graphene/silicon SJSCs with pristine, top-side-doped, bottom-
side-doped, and sandwich-doped graphene (Figure la) were
fabricated (Figures S1 and S2 in the Supporting Information).
The top-side doping was performed by spin-coating a HAuClI,
solution as a p-type dopant on the graphene surface.”*™>* In
comparison, the bottom-side doping process involves simulta-
neous etchin§ and doping without any postdoping or surface
modification.”****° To achieve simultaneous etching and
doping, a poly(methyl methacrylate) (PMMA)-coated gra-
phene on a Cu foil was floated in ammonium persulfate (APS,
etchant) solution that contained BI as a dopant. The BI
adsorbed onto the bottom surface of graphene by 7—x
interaction during the Cu etching process (Figure S2). After
transfer to arbitrary substrates, the graphene exhibited p-
doping characteristics without any additional doping process.
Sandwich doping to maximize the p-doping effect was achieved
by first doping the bottom side with graphene and then doping
the top side with it.

X-ray photoelectron spectroscopy (XPS) analyses were
performed to confirm the variation in atomic compositions
of each type of doped graphene (Figures 1b, S3). The atomic
composition was calculated by fitting each core-level spectrum,
which was clearly related to the dopants that had been used
(Figure 1b). The sandwich-doped graphene had the highest
amount of dopant (atomic percentage): 1.11% Au 4f peak,
3.52% Cl 2p peak, and 6.22% N 1s; these results confirm
successful p-doping on both sides of graphene. The work
function of graphene was affected by three doping methods,
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confirmed by ultraviolet photoemission spectroscopy (UPS),
as shown in Figure S4. The W of each type of graphene can
be calculated as”’

WG =hv — (Ecut—off - EF) (1)
where hv is the photon energy of the excitation light source
(He I discharge lamp, 21.2 V), E. .o [€V] is the secondary
electron cutoff energy, and E; [eV] is the Fermi edge. The
calculation indicated that pristine graghene had Wg = 4.46 eV,
which is similar to a previous report.”’ The W values of top-
side-doped, bottom-side-doped, and sandwich-doped graphene
were calculated as 4.97, 4.82, and 5.07 eV, respectively (Figure
1c). Sandwich-doped graphene has the highest W owing to
the combined p-doping effects of BI and HAuCl,.*”

To further investigate the doping effect on the graphene,
Raman spectra were measured using a 514 nm laser (Figure
2a). The Raman shifts of the G-band and 2D-band depend on
the degree of doping; the sandwich-doped graphene clearly
showed a larger blue shift of G- and 2D-band (G-peak: from
1590 to 1600 cm™'; 2D-peak: from 2701 to 2707 cm™") than
other graphene samples owing to its heaviest p-doping effect.
Rg of graphene was investigated using four-probe measure-
ment. The Ry of pristine graphene was 471.2 Q/sq (Figure
2b), which is similar to a previous report.”® On the other hand,
the Ry of sandwich-doped graphene was decreased to 165.4 €/
sq, which shows that the doping increased the conductivity. In
Figure 2c, the optical transmittances of the graphene samples
between 400 and 1000 nm wavelength ranges are compared.
At 550 nm, the pristine graphene had 96.4% of optical
transmittance, top-side-doped had 94.4%, bottom-side-doped
had 95.4%, and sandwich-doped had 93.1%; the changes show
a negligible light absorption by the adsorbed dopants.*® It is
concluded that the sandwich-doping method rendered the
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graphene to have an increased work function at low Rg without
significant loss of optical transmittance (>90%).

Dark J—V curves of graphene/silicon SJSCs with different
doping methods are displayed in Figure 3a,b.

)
Jo=Jo e\ = r @)
where g = 1.602 X 107" eV is the absolute value of the
electron charge, n is the ideality factor, k = 8.62 X 107° eV-K!
is the Boltzmann constant, and T = 298 K. The calculated Jg
value was considerably decreased from 5.24 X 107 A-cm™ in
pristine graphene to 9.31 X 107> A-~cm™ in sandwich-doped
graphene; this reduction indicates that the charge-carrier
recombination in sandwich-doped graphene/silicon SJSCs was
significantly suppressed.”®

Calculation used the nonideal diode model with charge
carriers moving across over the ¢y by thermionic emission

J, = A'T? exp[—ﬁ)
kT (3)
where J, [A-cm™] is the density of the reverse saturation
current (i.e., the linear fitting to zero-bias voltage of the J—V
curve), A¥ = 112 A-cm™>K™? is the Richardson constant, T =
298 K is the temperature, and k = 8.62 X 107° eV-K™! is the
Boltzmann constant. The calculated ¢y of sandwich-doped
graphene/silicon SJSC was 1070 meV, which was 230 meV
higher than that of SJSC with pristine graphene. This
difference indicates that the sandwich-doped graphene has
wide band bending and an increased built-in electric field
(Viy),”* as depicted in band diagrams of pristine and sandwich-
doped SJSCs (Figure SS). Therefore, sandwich doping reduces
charge-carrier recombination and thereby facilitates efficient
charge-carrier separation and collection.
J—V curves of graphene/silicon SJSCs were also measured
under illumination of AM 1.5G (Figure 3¢,d), and photovoltaic
parameters (Table 1) were extracted. The cell that used

Table 1. Average and Standard Deviation (n > 10)
Photovoltaic Parameters from Graphene/Silicon SJSCs

]SC

doping Ve (V) (mA/cm?) FF (%) PCE (%)

pristine 0.384 26.88 29.94 2.998
(£0.023) (+0.58) (£3.11) (£0.107)

top-side doping 0.506 29.92 47.74 7.142
(£0.017) (£2.67) (£3.11) (£0.188)

bottom-side 0.487 30.29 28.68 4.229
doping (£0.002) (£2.06) (£1.96) (£0.748)

sandwich-doping ~ 0.535 30.86 60.72 10.02
(£0.015) (£2.43) (£0.72) (£1.142)

pristine graphene/silicon SJSC had short-circuit current
density ] = 26.88 mA/cm?, open-circuit voltage V. = 0.384
V, fill factor (FF) = 29.94%, and PCE = 2.998%. For the top-
side-doped graphene/silicon SJSC, we tested different
concentrations of the top-side dopant (Figure S6 and Table
S1). The optimal concentration of 10 mM HAuCl, solution
yielded J,. = 29.92 mA/cm?, V,. = 0.506 V, FF = 47.74%, and
PCE = 7.142%. All photovoltaic parameters were improved by
the increase in ¢by as a result of top-side doping.

The bottom-side-doped graphene/silicon SJSC had ], =
30.29 mA/cm? V,. = 0.487 V, FF = 28.68%, and PCE =
4.229%. This low FF was attributed to the high Rg of bottom-
side-doped graphene. Various concentrations (1, 3, 6, 13, and
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32 mM) of the BI dopant were tried for the sandwich doping
process; then, the illuminated J—V curves were measured
(Figure S7 and Table S2). The SJSC doped with 1 mM BI had
insufficient PCE = 7.385%. The SJSC doped with 32 mM BI
had a poor PCE = 4.971% because the high concentration of
BI dopants suppressed transport of photogenerated charge
carriers and formed potential recombination centers to trap the
free charge carriers.”> The best performance of sandwich-
doped SJSCs was obtained with 3 mM BI, which yielded ]
30.86 mA/cm? V,. = 0.535 V, FE = 60.72%, and PCE =
10.02% (334% greater than that of pristine graphene/silicon
SJSC).

J increased from 26.88 mA/cm? (pristine) to 30.86 mA/
cm® (sandwich doping), and the same trend was also
confirmed in external quantum eﬂiciency (EQE) measurement
(Figure S8); this increase could contribute to the increase in
PCE enhancement slightly, but it was not sufficient to explain
all of the dramatic improvement. Most of the improvement can
be attributed to the combined effect of the increased V. and
increased FF. The significant improvements in V. from 0.384
V (pristine) to 0.535 V (sandwich doping) originated from the
increased ¢py, and the much increased FF was a result of the
decreased series resistance from 497.96 Q-cm® (pristine) to
92.55 Q-cm” (sandwich doping). This was possible by the
reduction of Ry of sandwich-doped graphene. The decreased
series resistance facilitated charge-carrier transport and thus
increased the resistance to charge-carrier recombination and
thereby yielded an outstanding improvement in FF from
29.74% (pristine) to 60.72% (sandwich doping).

To confirm the long-term stability, we measured the -V
curves over time on SJSC devices that had been stored under
ambient conditions. Especially, we compared the photovoltaic
parameters of the sandwich-doped SJSC to those of the top-
side-doped SJSC (Figure 4a,b). V.. and FF of the top-side-
doped SJSC remarkably decreased over time, although J.
remained unchanged; PCE decreased by 44.3% during storage
for 45 days. However, the photovoltaic parameters of
sandwich-doped SJSC were stable for 45 days, and its PCE
did not change over the 4S5 days (Figure 4c). These
phenomena can be explained by the variation of electrical
properties with time. Rg of sandwich-doped graphene did not
show a noticeable change, whereas that of top-side-doped
graphene increased by about 159% after 45 days (Figure 4d).

To further investigate the long-term stability, we observed
the compositional changes of Au*, Au’, and the CI atom in
both top-side-doped and sandwich-doped graphene using XPS
on the Ist and 45th days after doping (Figure S9 and Table
S3). The doping stability of graphene doped by gold chloride
was determined by measuring the change over time in the
amounts of gold cations and chlorine anions.**~** The doping
stability degraded due to aggregation of Au particles and
desorption of Cl atoms.” In the top-side-doped graphene, the
Au’t 4f,, and Au® 4f;, peaks vanished, but the atomic
composition of Au” increased from 0.52 to 0.95% owing to the
aggregation of Au particles. The amount of Cl atoms decreased
from 3.33 to 1.54% due to desorption of CI atoms from the
graphene surface. In contrast, in sandwich-doped graphene, the
amounts of Au**, Au®, and Cl atoms measured on the 45th day
were similar to those measured on the 1st day. This stability
indicates that the dopants were retained stably without
degradation under ambient conditions.

We compared our stability results with previous reports
(Table 2). The SJSC with TETA-doped graphene had the
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Figure 4. J—V curves of the cells with (a) top-side-doped graphene and (b) sandwich-doped graphene, measured on 1, 7, 14, 21, and 4S5 days after
doping under ambient conditions. Change in (c) normalized PCE. (d) Ratio of sheet resistance R; (after n day)/R, (Ist day).

Table 2. Initial PCE and Reduced PCE of the Previously Reported Graphene/Silicon SJSCs in Comparison to Those of Our

Study”

solar cell culture
n-Si/P3HT/graphenez3
1-8i/SOCl,-doped graphene®
1-Si/HNOj;-doped graphene/ARC™
1-Si/ TETA-doped graphene/PMMA**
1n-Si/HAuCl,-doped graphene (top-side doping)

6 n-Si/BI and HAuCl,-doped graphene (sandwich doping)

“Ratio = (reduced PCE)/(initial PCE).

[ N S

initial PCE (%) reduced PCE (%) days ratio year
8.87 3.72 10 0.42 2017
5.95 3.29 8 0.55 2013
14.1 6.47 20 0.46 2013
5.48 5.37 10 0.98 2018
8.50 4.76 42 0.56 our work
10.02 9.75 42 0.97 our work

highest retention of PCE (= reduced PCE/initial PCE), but
the initial PCE was relatively low (5.48%) and the test period
was relatively short (10 days). However, our SJSCs with
sandwich-doped graphene had a much higher PCE (10.02%)
and were stable for 45 days; this result suggests that the
sandwich-doping method greatly improved the PCE and
stability of SJSCs without encapsulation.

B CONCLUSIONS

We have demonstrated how three doping methods affected the
work function and electrical properties of graphene. The
sandwich-doping method with the BI bottom dopant and
HAuCl, top dopant achieved strongly p-doped graphene with
high stability. The work function of sandwich-doped graphene
increased to 5.07 eV, which is 0.61 eV higher than that of
pristine graphene. The R of sandwich-doped graphene was
165.4 €/sq, which is 35.1% lower than that of pristine
graphene. Therefore, the SJSC with sandwich-doped graphene
had a much higher FF and V. and an increased PCE of
10.02%, which is 334% higher than that of pristine graphene.
In addition, the sandwich-doped SJSC maintained its initial
PCE for 45 days under ambient conditions without noticeable
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degradation. We believe that our study provides a promising
doping method for graphene-based optoelectronics.

B EXPERIMENTAL SECTION

Graphene Synthesis and Transfer. A monolayer of
graphene was grown on a 25 um-thick copper (Cu) foil by
chemical vapor deposition (CVD). The Cu foil was loaded
into the chamber; then, its temperature was elevated to 1000
°C under H, (100 sccm) gas. The graphene was synthesized
with flowing CH, (125 sccm) and H, (100 sccm) for 30 min at
1000 °C. The chamber was then cooled to room temperature,
and the Cu foil was removed from the chamber. A protective
layer of poly(methyl methacrylate) (PMMA) was spin-coated
on the one side of the graphene, while it was still attached to
the Cu foil. The back side of the graphene was removed using
oxygen plasma (100 W, 12 S, 160 mTorr). The underlying Cu
foil was etched in 0.175 M ammonium persulfate
((NH,),S,04, APS) solution. The final graphene was rinsed
in deionized water (DIW) and transferred to the target
substrate. Bilayer graphene was made by repeating the transfer
process.
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Fabrication of Schottky Junction Solar Cells. A 1.5 cm
X 1.5 cm piece of n-type silicon wafer (10—30 Q-cm, 500 ym
thickness, oriented along the [100] plane) with a 300 nm SiO,
layer was patterned by photolithography (MDA-400S,
MIDAS) in the middle of the substrate. The oxide layer was
wet-etched by buffered oxide etching (BOE) solution to
expose n-type Si. The rinsed graphene layer was transferred to
the target substrate and then annealed at 80 °C to improve
graphene adhesion onto the substrate. The samples were
soaked in acetone solution at 80 °C for 30 min to remove the
PMMA layer. An indium—gallium (In—Ga) eutectic
(>99.99%, Sigma-Aldrich) was used as a back electrode, and
gold (Au) was deposited by evaporation as a front electrode.
For top-side doping, the graphene on the substrate was spin-
casted with HAuCl, (10 mM in nitromethane) at 2500 rpm for
1 min. For sandwich doping, 3 mM BI was added into APS
solution to dope the graphene, while the Cu foil was being
etched away. The graphene was transferred to the target
substrate; then, HAuCl, (10 mM in nitromethane) solution
was cast on the graphene to achieve top-side doping.

Characterization. The solar cell was measured using a
Keithley 2400 source meter and a Xenon lamp (AM 1.5G
illumination, 100 mW-cm™2). The active area was 0.4 cm”. The
external quantum efficiency (EQE) was measured using an
EQE system (Oriel IQE-200, New port). To characterize the
graphene doping state, Raman spectroscopy (Horiba) analysis
was performed using a S514-nm laser. Transmittance of
graphene was characterized using a UV—Vis—NIR (Jasco, V-
670) spectrophotometer. X-ray photoelectron spectroscopy
(XPS, Thermo-Scientific) was performed using monochro-
matic Al Ka X-ray photons (hv = 1486.6 eV). The work
function of graphene was measured using ultraviolet photo-
electron spectroscopy (UPS) with He I radiation (21.2 eV). Ry
(5 em X 5 cm graphene transferred onto the SiO, substrate)
was measured using a four-point probe (Dasol ENG).
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