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A B S T R A C T

In recent years it has been shown that graphene oxide (GO) can be used to passivate silicon surfaces resulting in
increased photocurrents in metal-insulator-semiconductor (MIS) tunneling diodes, and in improved efficiencies
in Schottky-barrier solar cells with either metal or graphene barriers, however, the source of this passivation is
still unclear. The suggested mechanisms responsible for the enhanced device performance include the dangling
bond saturation at the surface by the diverse functional groups decorating the GO sheets which reduce the
recombination sites, or field effect passivation produced by intrinsic negative surface charge of GO. In this work
through a series of measurements of minority carrier lifetime with the microwave photo-conductance decay
(µPCD) technique, infrared absorption spectra, and surface potential with Kelvin probe force microscopy (KPFM)
we show that there is no evidence of significant chemical passivation coming from the GO films but rather
negative field effect passivation. We also discuss the stability of GO's passivation and the flexibility of this
material for its application as temporary passivation layer for bulk lifetime measurements, or as a potential
cheap alternative to current passivation materials used in solar cell fabrication.

1. Introduction

It is well known that one of the most effective approaches to im-
prove the efficiency of silicon-based solar cells, whilst maintaining low
cost, is to increase the lifetime of photo-generated carriers by reducing
recombination at the surface and in the bulk of low cost materials [1].
Therefore the study of new materials which may suppress surface re-
combination in such materials is important both because they may
promote a minority carrier lifetime improvement in commercial solar
cells but also, in the laboratory, they may allow more accurate mea-
surements of silicon's bulk lifetime. For these reasons such new mate-
rials remain a topic of widespread interest [2–4].

Generally, for surface passivation materials we need to consider
three material property aspects: the characteristics of the material to be
passivated (doping type and resistivity); the physical properties of the
passivating materials (optical, chemical and electrical), to determine
the type of passivation that the material will provide including bond
saturation, the field effect control of carriers, refractive index, and
stability; and processing requirements like surface cleaning and synth-
esis methods. With this in mind, in this work we have studied the
passivation capabilities of graphene oxide which we know fulfils some

key requirements for surface passivation including: high transmittance
[5], fixed surface negative charge [6,7] and high refractive index [8,9].
This is all combined with the fact that GO is water dispersible making
its deposition and removal extremely simple. Most common GO de-
position techniques include: dip coating, spin coating, and spray
coating, techniques which can be easily incorporated to a production
line. In addition, it has been recently shown that for a GO derivative
dispersion with an optimal dilution, it is possible to obtain uniform
coverage even on textured silicon surfaces for solar cells [10].

While passivation effects in structures incorporating GO interlayers,
such as MOS and graphene/GO/Si devices, have already been reported
in literature [11–16], these do not include the study of graphene oxide
as a passivation material for solar cells in a scalable to manufacture
system. Furthermore, to our knowledge there is no definitive answer as
to what is causing the passivation on the surface from the available
literature. Thus in this work we aim to answer such a question by
providing strong evidence of the influence of the negative surface
charge of GO in the passivation of silicon. Additionally, we demonstrate
the passivation effect of GO in different silicon materials and the in-
clusion of GO's passivation capabilities compared to that of the industry
standard material, silicon nitride (SiNx) used for solar cell passivation
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[17] and the widespread temporary passivation attained from Iodine-
Ethanol (I-E) solution immersion for bulk lifetime measurements [3].

2. Materials and methods

In this work a range of float zone (FZ) and Czochralski (Cz) grown,
boron-doped silicon wafers with ‹100› crystal orientation, double (DSP)
and single (SSP) side polished, with resistivities between 1 and
1000Ω·cm, and thicknesses from 200 to 625 µm have been used to
study the passivation effect of GO. Most of the measurements were
carried out in cut samples of 2× 2 cm2 which were subjected to the
standard cleaning “RCA 1” procedure as described in Ref. [18]. How-
ever, the usually applied subsequent HF dip of the samples was not
performed since it was found that such step resulted in a diminished
passivation of the silicon surface due to the lack of hydrophilicity on the
surface provided by either the native oxide or the oxide left by the
H2O2. It must be noted as well that the samples were cleaned and left in
the desiccator for at least 3 days before the GO deposition, and their
lifetime measured before and after the deposition to avoid the inclusion
of the RCA 1 passivation effect into consideration, it was determined
that this process takes place within that period before stabilisation.

GO was prepared by a modified Hummers method [19] whereby
natural flake graphite (30 mesh, 96%C) was oxidised and exfoliated.
Sulphuric acid (H2SO4, 98%), hydrogen peroxide (H2O2, 30%), am-
monium hydroxide (NH4OH, 35%) (Sigma Aldrich); sodium nitrate and
potassium permanganate (KMnO4, Alfa Aesar) were all used as supplied
and without any further purification. The oxidised graphite was re-
peatedly washed and exfoliated using a 3% wt. H2SO4/ 0.5% wt. H2O2

mixture and then washed further with deionised water until a pH of 7
was reached for the supernatant to ensure the removal of the H2SO4.
The GO pellet had a pH of 3.6. To adjust the pH of GO, 100 µl of am-
monium hydroxide was added to under stir to give a pH of 9.9 ± 0.01
measured with a Mettler Toledo F20 pH meter.

For the silicon nitride deposition we used the Plasma-Enhanced
Chemical Vapour Deposition (PECVD) technique for 2min, to achieve a
film thickness of 90 nm ± 3 nm according to spectroscopic ellipso-
metry. This was done on a PlasmaPro 100 PECVD system from Oxford
Instruments with: 20:20 sccm SiH4: NH3 gas flow, 300 mTorr chamber
pressure, 400 °C table temperature, 13.56MHz plasma generated fre-
quency and 50W of power as deposition parameters.

Kelvin Probe force microscopy on the PeakForce tapping frequency-
modulated mode (FM-KPFM) using SCM-PIT-V2 tips was used to map
the surface potential of single GO flakes on a Bruker Dimension
FastScan. Samples for this measurements were prepared by spin coating
0.5 mg/ml of GO for 60 s at a speed of 1000 rpm and left to dry on a
desiccator overnight. Infrared absorption spectroscopy on 200 nm ±
20 nm thick GO coated silicon samples was carried out with a Hyperion
3000 FT-IR microscope with a resolution of 4 cm−1 in transmission
mode.

A Semilab WT-2000 PVN was used for minority carrier lifetime
mapping by the microwave photoconductivity decay (µPCD) technique,
with a 905 nm LASER excitation and a microwave source operating at
~10 GHz. Hence the presented effective lifetime maps show the aver-
aged lifetime down to a few tens of microns into the sample. The level
of passivation achieved by GO layers was tested in several samples by
the measurement of their effective lifetime (τeff) by µPCD mapping, with
the assumption that both sides of each sample were equally passivated.
Next, what is considered the upper limit of the surface recombination
velocity (SUL) was calculated by assuming the bulks lifetime (τbulk) to be
infinite, thus giving SUL=W/2(τeff), with W representing the sample
thickness.

3. Results and discussion

3.1. GO effect on minority carrier lifetime

We have carried out transient photoconductance mapping to com-
pare the level of surface passivation achieved by GO in various sets of
samples, here we present the comparison of GO's passivation on an
electronic grade FZ material to that of a solar grade Cz material. Fig. 1
show the lifetime maps of the FZ and the Cz boron doped samples be-
fore (a, c), and after (b, d) GO passivation, respectively. For the FZ
sample it can be observed that the τeff approaches 1ms in some areas.
Nevertheless, considering the maximum effective lifetime in the sample
to be τmax =900 µs and W =500 µm we obtain a SUL ≈ 27 cm s−1,
whereas from the τmax =820 µs and W =200 µm of the Cz sample the
calculation results in a SUL ≈ 30 cm s−1. These values are comparable
to the surface recombination velocities of some existent surface passi-
vation materials [3,4]. Moreover, we have compared the surface pas-
sivation of GO to that of PECVD deposited SiNx and I-E solution im-
mersion. The passivation was carried out on samples cut from a solar
grade SSP Cz p-type wafer (25 ± 7.5Ω·cm), the lifetime comparison is
presented in Fig. 2. The calculated upper limit surface recombination
velocities from each sample are: 363 cm s−1, 322 cm s−1 and
202 cm s−1 for GO (Fig. 2a), I-E (Fig. 2b) and SiNx (Fig. 2c), respec-
tively. These results indicate that in some silicon materials it is possible
to attain very similar levels of surface passivation with GO coatings to
those obtained by the widely used SiNx and I-E techniques.

With respect to the surface passivation stability we have found that
the GO passivation effect can last for several days, however there ap-
pears to be some unpredictable behaviour in GO's passivation after
storage. We have observed there is an increase in averaged lifetime
after a few days of air ambient storage of the samples, which we suggest
to be attributed to the interlayer water molecule release which

Fig. 1. Effective lifetime maps of a DSP FZ p-type (> 1000Ω·cm) silicon sample
(a) bare and (b) GO coated, and a SSP Cz p-type (2.8Ω·cm) silicon sample (c)
bare and GO coated.
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decreases the spacing between GO sheets and increases the negative
charge on the surface. Thus, after reaching an average τeff maxima, the
lifetime begins to decrease slowly as shown in Fig. 3, where effective
lifetime degradation is shown for a B-doped (2.8Ω·cm), SSP, Cz grown
silicon sample coated with 2mg/ml GO after air storage during 70 days.
It must be noted that Fig. 3 shows the averaged effective lifetimes of
3× 3 cm2 samples with some deviations due to GO aggregation sites,
thus making it difficult to appreciate the amount of stability obtained
within the first two weeks of deposition. The data point with a circular
marker in Fig. 3 represents the averaged lifetime of the bare sample
which in comparison to the data taken after 1600 h shows that even
after the 70 day lifetime degradation there is still some passivation
present from the GO coating. We believe that it may be possible to

improve the stability with the application of an encapsulation or cap-
ping method. This approach would avoid the gradual reduction of dried
GO at ambient conditions in the presence of humidity and high pH
which is likely to be the cause of the passivation degradation.

3.2. Passivation mechanism

We have demonstrated the capability of GO to passivate silicon
surfaces by τeff mapping of silicon samples. This is in line with the
observations of higher efficiencies from some authors in literature
[11–16], however the mechanism responsible of the passivation is still
under debate. On the one hand Yang et al. [14] has suggested the
passivation to be due to surface dangling bond saturation provided by
the hydroxyl and carbonyl groups which decorate the graphene-like
sheet of GO, whereas Hsu et al. [12] and Jiao et al. [13] attribute the
passivation to the negative surface charge of GO. Henceforth we pro-
vide some evidence to support the latter as the source of the passiva-
tion.

It has been largely acknowledged in the literature that the abundant
oxygen containing functional groups of GO such as: hydroxyls (C-OH),
carboxyls (COOH), and epoxides (C-O-C) are the source of a strong
negative surface charge in the GO sheets [7,20,21]. Even though there
still exist some dispute on the distribution of these functional groups
and their impact on GO's properties, the negative charge attributed to
them has been accepted by the 2D material community. GO's negative
charge has been observed to be significantly dependent on the pH of
GO's colloidal dispersion, and has been measured mostly by the zeta
potential technique [16,22–24] and more recently by Kelvin-probe
microscopy [25]. In this work we have thus studied the impact of pH on
the surface passivation ability of GO in a range of samples, primarily
observing the effect of low (3.6 ± 0.01) and high (10 ± 0.01) pH GO
solutions in the passivation, this because there were no observable
trends from intermediate values as could be expected from the small
zeta potential increase in mid values reported in various references
[16,22–24].

Firstly, to observe the effect of pH on the surface potential of the GO
single flakes (see Fig. 4a and b for topography illustration) we used the
PeakForce-KPFM technique on both materials. Images of the measure-
ments are shown in Fig. 4c and d for the low and high pH dispersions,
respectively. A cross-section profile of the measured surface potential is
also shown in Fig. 4 for both pH's. From these measurements the con-
tact potential difference (VCPD) between the tip and the sample presents
a threefold increase in negative potential going from VCPD

=24 ± 7mV for the low pH GO flake to VCPD = 62 ± 4mV for the
high pH GO flake. These results indicate that there is indeed an increase

Fig. 2. Effective lifetime maps of samples cut from a B-doped Cz wafer of
thickness 625 ± 25 µm, passivated with (a) 4 mg/ml GO, (b) I-E solution, and
(c) PECVD SiNx.

Fig. 3. Averaged effective lifetime values of samples cut from a B-doped Cz
wafer of thickness 200 ± 5 µm. Initial non-passivated value is identified with
the circular marker, whereas the diamond marker represents the passivated
averaged values with 2mg/ml GO after air ambient storage.

Fig. 4. AFM images of sheets from a low (a) and high (b) pH GO dispersion. PeakForce-KPFM maps from the same GO sheets with low (c) and high (d) pH. (e)
Transmission IR absorption spectra from silicon samples coated with low and high pH 3mg/ml GO.

M. Vaqueiro-Contreras et al. Solar Energy Materials and Solar Cells 187 (2018) 189–193

191



in negative charges on each GO flake from the basic solution. Moreover
an increase in potential with number of GO layers was observed, con-
firming the results reported by Salomao et al. in [26]. We have carried
out FTIR measurements on silicon samples coated with thick layers of
the same low and high pH GO dispersions to correlate with functional
group content, results are shown in Fig. 4e. The IR spectra at distinct
points of the sample show a rather significant increase in the vibra-
tional frequencies 1042 cm−1 and 1427 cm−1 typically assigned to
hydroxyl groups, some increase in the range 1600− 1750 cm−1, fre-
quencies commonly assigned to carboxyl and hydroxyl groups and a
slight decrease in the band 1170 cm−1 assigned to the epoxides [27].
This evidence adds to the argument of having the oxygen-containing
groups as the source of negative charge in GO. We then performed
photoconductance decay measurements to compare the passivation
level attained with each material. In Fig. 5a and b we show the com-
pared τeff maps of samples taken from a high resitivity p-type FZ wafer
passivated with 2mg/ml GO solutions with low and high pH, respec-
tively. In these samples the averaged τeff increased from 236 µs in the
low pH sample to 389 µs in the high pH sample, suggesting that the
added negative charge from the hydroxyl groups improves the passi-
vation. In terms of SUL however, we calculated a value of 17.4 cm s−1

for the low pH sample and 19.5 cm s −1 for the high pH sample, con-
sidering the τmax measured of 1430 μs and 1282 μs respectively for each
sample, these high lifetime areas have been highlighted in Fig. 5. On
these areas, an increase of a few tens of nm in GO thickness was
measured, indicating that these effect may be the result of a higher
aggregation of GO sheets in the low pH solution [22,24] which in turn
increases the net negative charge in the area and consequently the field
effect passivation. This is in agreement with the negative field effect
passivation obtained with GO coating. It must be also noted that, as
mentioned in the methods section, the passivation of GO was sig-
nificantly decreased by the oxide removal from the samples. This fact
suggests that there is no dangling bond saturation involved in the
passivation mechanism of GO, since a SiO2 thin interlayer (less than
10 nm) has been found to be required for an improved passivation. Such
observations contradict the possibility of physical bonding between
GO's functional groups and silicon atoms at the surface as suggested by
Yang et al. in [14].

4. Conclusions

In this work we have reported the effectiveness of graphene oxide as
a surface passivation coating for silicon solar cells. Surface re-
combination velocities as low as 14.4 cm s−1 have been obtained.
Studies on the passivation mechanism attained by GO and its stability
are discussed. We found the passivation to be likely explained by the
negative fixed charge coming from the oxygen-containing groups, hy-
droxyl groups in particular, surrounding the GO's flakes and discard

previous suggestions of predominant chemical passivation. The sim-
plicity of GO's deposition and removal without surface damage make
this process a good alternative for temporary surface passivation for
bulk lifetime measurements. Furthermore, with the use of an appro-
priate encapsulation method or capping layer deposition, results in here
presented demonstrate that GO can be a potential cheap and low risk
alternative to currently used surface passivation materials for silicon-
based solar cells.
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