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Graphene in combination with Si has been extensively used to prepare efficient and stable p-graphene/n-
Si Schottky junction solar cells. In contrast, there is a difficulty in including graphene within the fabri-
cation process of efficient and stable n-graphene/p-Si Schottky junction solar cells. The reason for this
is that there is a challenge in achieving an effective and stable n-doping process for graphene or rGO
due to the ambient environment. In this work, a novel approach is introduced for preparing more effi-
cient, stable, larger and simpler n-rGO/p-Si Schottky junction solar cells. The n-rGO rather than graphene,
which has been successfully developed using NH3; molecules, is included in the fabrication process of n-
rGO/p-Si Schottky junction solar cells. Accordingly, the power conversion efficiency of 9.7 was obtained
for prepared devices after applying ammonia treatment for 3 h. For the first time, the developed n-rGO
layers are also excellently employed to prepare large n-rGO/p-Si Schottky junction solar cells with ideal
J-V curves. The improved efficiency of 12.6 % is reached for n-rGO/p-Si Schottky junction solar cells pre-
pared with an active area of 0.6 cm?. To improve the stability, devices are coated with PMMA as an
encapsulated layer, leading to an improvement in the stability for 2 months in the ambient air. Addition-
ally, a recorded efficiency of 13.8 % is achieved. We attribute this development to the chemisorption of

ammonia molecules on rGO, which effectively develops the performance of devices.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The unique properties of graphene have motivated a lot of re-
search interest, leading to employment in different applications
since 2004 [1]. One of those applications is as a transparent
electrode to extract photo-generated carriers of solar cells [2].
Graphene has been used to prepare graphene/Si Schottky junc-
tion solar cells with several structures, which are top-window,
top-grid and back-contact [3-6]. The efficiency of prepared de-
vices based on n-Si substrates has significantly increased since
2010. It has also been shown that the graphene area used within
the fabrication process is around 0.1 cm? to avoid the high den-
sity of PMMA residue [6-8] and ensure efficient prepared devices
[4,6,9,10]. Techniques such as passivation, forming gas annealing,
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DUV treatment and chemical doping have been engaged in the
preparation of graphene/n-Si Schottky junction solar cells, result-
ing in an increase in the efficiency of around 16% [6,9]. This in-
dicates that graphene shows an excellent anode electrode for ex-
traction holes. Additionally, it shows that a stable and efficient p-
type CVD-graphene is achievable [6,11,12]. In contrast, graphene/p-
Si Schottky junction solar devices show low efficiency of about
0.1% [13-15]. The reason for the low efficiency is that there is dif-
ficulty in obtaining an effective n-graphene transparent electrode
with a suitable doping level and an appropriate interface with p-
Si [16,17]. In the reported works for prepared the n-type graphene
electrode [18-32], doping processes have been applied to the CVD-
graphene surface. However, prepared n-type graphene was ineffi-
cient and unstable since graphene is so sensitive to the ambient
environment [33]. In addition, it has been reported that apply-
ing chemical dopants to transferred CVD-graphene is for reduc-
ing the effect of PMMA residue rather than achieving n-doping
in transferred graphene [6,34]. Recently, a new approach by us-
ing a graphene-heterostructure transparent electrode, which in-

2667-0569/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.cartre.2022.100205
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cartre
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cartre.2022.100205&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ahmed.suhail@plymouth.ac.uk
mailto:ahmed.198381@uomosul.edu.iq
https://doi.org/10.1016/j.cartre.2022.100205
http://creativecommons.org/licenses/by-nc-nd/4.0/

AM. Suhail, M.A. Abed, S.M. Ahmed et al.

rGO/ p-Si Treated rGO/ p-Si

Carbon Trends 9 (2022) 100205

Ag/Cr

Fig. 1. Preparing process of rGO/p-Si Schottky junction solar cells. (a) Achieving passivation process of p-Si after cleaning and leaving it in ambient air for 2h. (b) Coating
GO onto polished- Si substrate. (c) Reducing process of GO by annealing in forming gas. (d) Forming Au/Cr grid and Ag/Cr. (e) Immersing devices in ammonia solution. (f)
Developing band structure of rGO/p-Si Schottky junction solar cells after ammonia treatment.

volves oxide-encapsulated layers, chemical treatment and antire-
flection coating, was used to achieve an efficient graphene-cathode
[35-37]. This approach has developed the efficiency to about 12.6%
[37]. However, the fabrication process of those devices is com-
plex and expensive. In addition, the deposition process of oxide-
encapsulated layers, which were essential to obtain an efficient
and stable graphene cathode, requires specific techniques to be
achieved since the graphene surface is so sensitive [38-41]. Herein,
we introduce a simpler, larger area, lower-cost, more efficient and
stable reduced graphene (rGO)/p-Si Schottky solar cell compared
with those presented in previous works. The rGO rather than CVD-
graphene is used to avoid the PMMA residue obtained from the
wet transfer process. The doping process using ammonia solution
is effectively employed to increase the n-doping level in rGO. Addi-
tionally, the stability of prepared devices has also been investigated
and achieved under an ambient environment for 2 months.

2. Experimental section
2.1. Device fabrication

P-type Si substrates with a resistivity of 2-3 Qcm~! and thick-
ness of 200 pnm were used. The RCA procedure was employed to
remove the metal ion contaminations. To eliminate the native ox-
ide layer, Si substrates were dipped in a diluted 2% HF solution for
30 s. After that, substrates were exposed to ambient air for 2 hours
to naturally achieve the passivation process of Si substrates [41-
43]. Graphene oxide solution with a concentration of 0.1 %, which
was purchased from Danubia NanoTech (Slovakia), was spin-coated
on the polished side of substrates as shown in Fig. 1b. The pre-
pared samples were dried on a hot plate at 150 °C for 15 min. Af-
ter that, GO samples were annealed in Ar/H; at 800 °C for 2 hours
to achieve the reduction process. To obtain a low resistance con-
tact to the rGO [43-45], Cr/Au layers were formed as shown in
Fig. 1d. Then, Cr/Ag layers were formed on the unpolished side of
substrates as shown in the same figure. At that moment, prepared
devices were annealed at 550 °C for an hour under a high vacuum
to ensure an effective contact at the interfaces of the whole device.
To achieve the n doping level in rGO as shown in Figs. 1e and 1 f,
the samples were dipped in ammonia solution for various periods
in ambient air.

2.2. Device characterization

To investigate the chemical states and atomic ratio of rGO sam-
ples before and after the doping process, X-ray photoelectron spec-
troscopy (XPS) (Kratos AXIS Ultra DLD spectrometer, monochro-
matic Al Ko emission at 1486.6 eV with an operating power of
150 W) was employed. XPLORA HORIBA system with an Olympus
BX41 microscope and green laser source of 532 nm was used to
explore Raman spectra of prepared samples. Kysight B1500A Semi-
conductor Analyser with a solar simulator was used to measure
J-V curves under AM1.5 conditions with an illumination intensity
of 100 mW/cm?. The calibration process was achieved by using
a standard Si solar cell. The external quantum efficiency (EQE) of
reduced graphene oxide (rGO)/p-Si Schottky solar cells was mea-
sured by using the PVE300 system.

3. Results and discussion

The fabrication process of rGO/p-Si Schottky junction solar cells
is presented in Fig. 1. In this work, the rGO rather than CVD-
graphene is used to avoid the main problems caused by residual
PMMA, which is left on graphene after the wet transfer process [6].
In addition, the top-grid created onto the rGO layer (see Fig. 1d) is
crucial since the active area of devices varies between 0.1 and 0.8
cm?, leading to collection carries from the large area of rGO.

After improving contacts at interfaces using the annealing pro-
cess, the ammonia treatment was applied to obtain n-rGO as
shown in Fig. 1e. This treatment was achieved through immersing
rGO/p-Si samples in ammonia solution in the ambient air. The am-
monia treatment results in an increase in Fermi levels and built-in
voltages at the n-rGO/p-Si junction as displayed in Fig. 1f. The de-
vice structure is presented in Fig. 1e. The current density-voltage
(J-V) characteristics of rGO/p-Si Schottky junction solar cells are
displayed in Fig. S3 before and after annealing that was conducted
for an hour to ensure an effective contact at the interfaces of the
whole device. For an annealed device, the short-circuit current
density (Jsc), open-circuit voltage (Voc), fill factor (FF) and power
conversion efficiency (PCE) were 21.8 mA/cm?, 0.4 V, 30% and 2.6%,
respectively. For a device that was not annealed, values of photo-
voltaic parameters were 17 mA/cm2, 0.4 V, 25% and 1.7%, respec-
tively. It can be observed that there is a clear improvement in the
performance of annealed sample compared with that of an un-
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Fig. 2. (a) J-V characteristics of reduced graphene oxide (rGO)/p-Si Schottky solar cells with and without ammonia treatment. (b) Current-voltage (Ip-Vg) transfer curves of
treated rGO FETs before and after ammonia treatment were measured in air at room temperature and Vp = 0.1 V.
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Fig. 3. (a) and (b) Enhancements of Vo, Jsc, FF, and PCE of rGO/p-Si Schottky solar cells treated with ammonia for different periods.

annealed sample. This also shows that the usage of the annealing
process is certainly significant for improving the contacts at inter-
faces, leading to a development in the PCE by around 55% in com-
parison with that of the un-annealed sample. In order to further
develop the annealed rGO/p-Si Schottky junction solar cells, sam-
ples were immersed in ammonia solution. Fig. 2a compares the J-V
curves of rGO/p-Si Schottky junction solar cells treated with and
without ammonia solution for 30 min. The Jsc, Voc, PCE and FF
of the treated device were 24.7 mA/cm?2, 0.43 V, 41% and 4.4%,
respectively. This indicates that the PCE of treatment of devices
is developed by 70% compared with that of the untreated device.
To further investigate the doping process, reduced graphene field-
effect transistors (RGO-FETs) were also prepared using the method-
ology reported in our previous work [7]. Fig. 2b shows typical
(Ip-Vg) transfer curves of devices before and after ammonia treat-
ment. As observed in this figure, Dirac points of devices were neg-
atively shifted after the treatment. This also shows that the am-
monia molecules result in an increase in the n doping level in rGO

and a development in solar cell performance. The study of ammo-
nia treatment was systematically explored for a longer time than
30 min to extra investigate the effect of this treatment on the
performance of rGO/p-Si Schottky junction solar cells. The average
of measured photovoltaic parameters of devices treated for vari-
ous periods is shown in Figs. 3a and 3b. It can be noticed that
the Jsc and V¢ considerably developed to 28 mA/cm? and 0.51
V when the samples were dipped in the ammonia solution for 3
hours. These developments increased the PCE to 9.7% and FF to 68%
Fig. 3b. This indicates that the n-doping level in rGO is successfully
achieved via the loading of ammonia molecules onto rGO layers. It
can also be observed that photovoltaic parameters of treated sam-
ples for longer than 3 hours are mostly saturated, which suggests
that the reaction between ammonia and rGO was also saturated
and the optimum treatment time is 3 h, which requires to obtain
an efficient n-rGO/p-Si Schottky junction solar cells. To discover
the nature of development obtained for prepared devices after am-
monia treatment, XPS and Raman systems were conducted. The
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Fig. 4. (a) and (b) survey XPS and N1s results of rGO/p-Si samples treated with and without ammonia for 3 h.
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Fig. 5. (a) J-V characteristics of rGO/p-Si Schottky solar cells prepared with various active areas. (b) External quantum efficiency (EQE) spectra of rGO/p-Si Schottky solar

cells prepared with 0.1 and 0.6 cm? active areas.

data of these measurements are shown in Figs. 4 and S1. Fig. 4a
shows the survey XPS spectra of rGO treated before and after the
NHj; treatment for 3 hours.

It can be noticed that the peak of N at around 400 eV in-
creased and the atomic percentage of N developed from 0.7% to
3.2% after the treatment. Where, the presence of a small peak in
the spectrum of the untreated sample is from the supplied GO so-
lution. This development in the N component verifies that the NH3
molecules were loaded onto rGO. To obtain an idea of how these

molecules are loaded on the rGO, the N1s high-resolution spec-
tra of rGO samples were measured before and after the treatment.
Fig. 4b shows the N1s high-resolution spectra of treated rGO sam-
ples with and without NHs. It can be seen that there are 2 peaks in
the spectra of measured samples. The first peak locates at 399.9 eV
attributed to C-NH,. The second peak locates at 401.8 eV, and this
belongs to C-NH,4 . As noticed, the height of the first peak signif-
icantly increased after the treatment. In contrast, the height of the
second peak was almost the same after the treatment. This veri-
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Fig. 6. (a) Schematic of PMMA/n-rGO/p-Si Schottcky junction solar cell. (b) J-V char-
acteristics of rGO/p-Si Schottcky junction solar cell coated with and without PMMA
layer. (c) External quantum efficiency (EQE) spectra of rGO/p-Si Schottky solar cells
coated with and without PMMA layer.
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fies that the C-NH, component was obtained after the ammonia
treatment. This also means that NH3 molecules are loaded as NH,
on rGO layers. The mechanism of interacting ammonia molecules
as NH, occurs in 2 ways. The first way is through the reaction be-
tween these molecules and vacancies (or defect sites) in the rGO
structure as the rGO is made of flakes stacked together. In this
case, the NHs3 interacts and binds with C atoms at those vacan-
cies or defects, forming C-NH, bonds. The second way is through
the reaction between ammonia and oxygenated functional epox-
ide groups within rGO. Since the reaction occurs in ambient air,
NH3 molecules attack epoxide groups as a nucleophile, leading to
the formation of interacted amino groups within the rGO struc-
ture. FTIR data as shown in Fig. S2 also confirms that there is an
interaction between NH3 and rGO through the shifting of peaks at
1042 and 3428 cm~! after the ammonia treatment [46,47]. Hence,
it can be said that the reaction between ammonia and rGO oc-
curs via the chemisorption mechanism at room temperature, re-
sulting in an efficient n-doping process and stabilise the struc-
ture of rGO. For those devices treated for a longer time than 3
hours, the structure of rGO reaches the stabilized situation and
there is no more reaction to be achieved between the molecules
and rGO. This is why photovoltaic parameters of rGO/p-Si Schottky
junction solar cells treated for prolonged treatment showed no sig-
nificant development. Fig. S1 shows Raman spectra of treated rGO
with and without ammonia for 3 h. After ammonia treatment, the
2D band shifts from 2694 to 2681 cm~!, the G band shifts from
1581 to 1560 cm™!, respectively and the D band shifts from1336
to 1334 cm~!. This shows that there is a red shift in the spectrum
of rGO treated with ammonia in comparison with that of the un-
treated rGO. This also verifies that NH, molecules are loaded onto
rGO after the treatment. Hence, these molecules will be electron
donors to rGO, leading to an improvement in solar cell perfor-
mance. After optimizing the ammonia treatment for 3 h, devices
with a larger active area than 0.1 cm? were prepared. Fig. 5 dis-
plays the J-V characteristics of n-rGO/p-Si solar cell devices pre-
pared with various active areas (0.1, 0.4 and 0.6 cm?). The Js¢, Vo,
FF and PCE of the device prepared with the 0.3 cm? active area
(red curve) were 33.5 mA/cm?, 0.51 V, 69% and 11.8%, respectively.
For the device prepared with the 0.6 cm?2 (blue curve), the photo-
voltaic parameters were 35.2 mA/cm?, 0.51 V, 70% and 12.6%. This
indicates that the PCE developed by around 30% after increasing
the active area of prepared devices from 0.1 to 0.6 cm?. Our effi-
ciency of 12.6% is the highest efficiency reported so far for n-rGO
(or n-graphene)/p-Si Schottky junction solar cells prepared with-
out a capsulation layer [8,18-41]. The idea of increasing the active
area was also applied to prepare devices with a larger area than
0.6 cm?. However, the performance of devices fabricated with a
0.8 cm? active area decreases as shown in Table S2. The reason
for the lower performance of those devices could be that there is
non-uniformity of 0.8 cm? area rGO, leading to poor Schottky junc-
tion of prepared devices [4]. This also suggests that the optimum
active area of n-rGO/p-Si Schottky junction solar cells is 0.6 cm?.
The external quantum efficiency (EQE) spectra were also studied
to further verify the development of the performance of n-rGO/p-
Si devices prepared with a large active area as shown in Fig. 5b.
As observed in this figure, there is a clear significance in the EQE
within the visible wavelength region for devices with a larger ac-
tive area than 0.1 cm?. It can be seen that the EQE of devices pre-
pared with a 0.6 cm? active area increases to about 84% in the
wavelength range of 400-950 nm in comparison with that of de-
vices prepared with a 0.1 cm? active area. This also shows that
the EQE developed by about 30% after increasing the active area
from 0.1 to 0.6 cm?. The developed value of 30% is in an agreement
with that based on J-V curves, which confirms the development of
the performance of devices prepared with large active areas. Even
though the PCE has greatly been developed after applying the op-
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timum ammonia treatment and increasing the active area, the effi-
ciency of prepared devices suffers from a clear degradation after
a week. Where the PCE reduces from 12.6 to 8.7% as presented
in Fig. S6b. The reason for this degradation is that the rGO sur-
face is so sensitive to the ambient environment [6,8,17,34,38-41],
leading to reduce the n-doping level. Hence, the PMMA layer was
spin-coated on the front side of the device prepared with a 0.6
cm? active area as shown in Fig. 6a. Fig. S5 shows the reflectiv-
ity of PMMA/n-rGO/p-Si substrates as a function of the wavelength
range between 400 and 700 nm. It can be observed that the aver-
age diffused reflectance (R) reduced from around 39% to 12%. The
J-V characteristics of n-rGO/p-Si before and after coating the PMMA
layer are shown in Fig. 6b. As presented, for the coated device, the
values of Jsc, Ve, FF and PCE were 39 mA/cm?2, 0.51 V, 69% and
13.8%, respectively. This indicates that the PCE improved by 12%
after reducing the reflected light compared with that of the un-
coated device. To the best of our understanding, the PCE of 13.8% is
a new record for n-rGO/p-Si solar cells reported to date [18,32-41].
Additionally, the coated devices show great stability after storage
in the ambient environment for 2 months as shown in Fig. S6a. It
can be observed that there is no degradation in the performance
of coated devices during the storage time compared with that of
uncoated devices (see Fig. S6b). These developments indicate that
the benefits of adding the PMMA layer are to reduce the reflected
light from the Si surface and improve the stability of prepared de-
vices after ammonia treatment. It is also clear that the fabrication
process, which is used in this work for preparing a stable and effi-
cient n-rGO/p-Si Schottky junction solar cell, is simpler than those
reported in previous works.

4. Conclusions

A new approach based on the chemisorption of ammonia
molecules was introduced to prepare simple, efficient, stable and
large n-rGO/p-Si Schottky junction solar cells. It was found that the
chemisorption of ammonia plays a vital role in the development
of rGO/p-Si Schottky junction solar cell performance. This tech-
nique improved the PCE to 9.7% after immersing samples in ammo-
nia solution for 3 h. Additionally, rGO/p-Si Schottky junction solar
cells with large active areas and ideal J-V curves were efficiently
prepared for the first time after including the optimum ammonia
treatment, resulting in an improvement in the efficiency to 12.6%.
The stability of prepared devices was also developed by coating
PMMA as an encapsulated layer. The coated devices showed great
stability for 2 months in the ambient environment with no degra-
dation in the value of PCE. The usage of coated layer also results in
a decrease in the reflectivity of Si substrates. These developments
improve the efficiency of prepared devices t013.8 %. It can be con-
cluded that the introduced work is an effective and crucial way to
fabricate low-cost, simple, stable and high-performance n-rGO/p-Si
Schottky junction solar cells.
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