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Impact of encapsulation method on the adsorbate induced electrical
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Monolayer graphene transferred onto a set of silicon carbide (SiC) substrates was encapsulated with
a thin SiO2 film in order to prevent its interaction with atmospheric adsorbates. The encapsulation
of graphene samples was realized by using two different thin film growth methods such as thermal
evaporation (TE) and state-of-the-art pulsed electron deposition (PED). The encapsulation efficiency
of these two techniques on the structural and electrical characteristics of graphene was compared
with each other. Scanning electron microscopy (SEM) analysis showed that unlike the SiO2 thin
film grown with PED, structural defects like cracks were readily formed on TE grown films due to
the lack of surface wettability. The electronic transport measurements revealed that the electrical
resistivity of graphene has been increased by two orders of magnitude, and the carrier mobility has
been subsequently decreased upon the encapsulation process with the PED method. However, in-
vacuum transient photocurrent spectroscopy (TPS) measurements conducted for short periods and a
few cycles showed that the graphene layer encapsulated with the PED grown SiO2 film is electri-
cally far more stable than the one encapsulated with TE grown SiO2 film. The results of TPS mea-
surements were related to the SEM images to unravel the mechanism behind the improved electrical
stability of graphene samples encapsulated with the PED grown SiO2 film. Published by the AVS.
https://doi.org/10.1116/1.5099141

I. INTRODUCTION

Graphene has been considered a wonder material for its
unique electronic and mechanical features that lead the way
for the adaptation of graphene and graphenelike other two-
dimensional (2D) materials in novel electronic and optoelec-
tronic device applications.1–4 Owing to its large surface
area-to-volume ratio, the susceptibility of graphene to
various gases has promoted the integration of graphene in
gas sensing technology.5 However, these ideas have been
inhibited by physical limitations such as the long-term elec-
trical stability of graphene under ambient conditions. The
interaction of graphene with atmospheric adsorbates like O2

and H2O directly affects the temperature sensing, Schottky
diode, and field effect transistor properties of graphene-based
devices.6,7 The electrical stability of such devices can be
guaranteed only by the suppression of these interactions. A
number of different materials8–13 like parylene, polymethyl
methacrylate, and hexagonal boron nitride have been
employed as encapsulating materials in order to improve the
electrical stability of graphene by isolating it from ambient
gas molecules. Besides, different dielectric materials (mostly
Al2O3 and HfO2) with high-k dielectric constants14–20 have
also been used to passivate the graphene layer to achieve
reliable device performance.21 Although the encapsulation
and/or passivation of graphene with above mentioned materi-
als seems to be a reasonably simple task, it turns out to be a
great challenge in practice.

One of the major issues arises from the characteristics of
the surface that is intended to be passivated. The wettability

of the surface can significantly affect the quality and durabil-
ity of the passivation layer on it. The hydrophobic surface is
known to be very problematic, as the encapsulation can fail
due to low surface tension.22 Pristine graphene presents a
typical example as a hydrophobic surface because of its inert
nature.23,24 It has been demonstrated that water can easily be
adsorbed onto the edges of graphene sheets;25,26 thus, the
presence of polar oxygen groups like OH− converts graphene
into a hydrophilic material.27 In addition, the dangling bonds
and defects like carbon vacancies, sp3 sites, C–H or OH−

bonds can be created on the graphene layer as a result of
oxygen plasma treatment, and thus the surface energy can
be boosted.28–30 The increment in surface energy converts
hydrophobicity into hydrophilicity. Therefore, the adhesiv-
ity and/or wettability of graphene can be improved and con-
trolled by optimizing the plasma power and exposure time
of oxygen plasma treatment.27 It should be noted that the
exposure time and plasma power must be carefully tuned in
order to substantially minimize any possible damage on the
graphene layer.

Silicon dioxide (SiO2) is a prevalent and relatively cheap
dielectric material for surface coatings because of its excel-
lent antireflective31 and moisture resistant32 capabilities.
The coating of surfaces with an SiO2 layer can be realized
by common thin film deposition techniques including sput-
tering, thermal evaporation (TE), and pulsed electron depo-
sition (PED). The deposition and coating efficiency of these
methods for passivating graphene must be carefully exam-
ined in order to assess the effect of hydrophobicity on the
encapsulation quality. This is crucially important for choos-
ing the suitable passivation method and thus for improving
the electrical stability of graphene-based devices.a)Electronic mail: cemcelebi@iyte.edu.tr
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In this study, we present a detailed comparison of two
encapsulation methods (TE and PED) for suppressing the
interactions between atmospheric adsorbates and graphene.
For the experiments, CVD-grown graphene layers on Cu foil
is transferred onto semi-insulating (SI) SiC substrates, and
then 100 nm thick SiO2 film was deposited on top of it as
the encapsulation layer. The structural properties of bare
(BG) and SiO2 encapsulated graphene layers were analyzed
by Raman spectroscopy, atomic force microscopy (AFM),
and scanning electron microscopy (SEM) measurements.
The electrical (resistivity and Hall measurements) and opto-
electronic characterizations [transient photocurrent spectro-
scopy (TPS)] were carried out for evaluating the passivation
efficiency on the electrical stability of graphene. We found
that defects like cracks are formed on the TE SiO2 film
due to the hydrophobicity of graphene layer underneath.
On the other hand, a smooth coating of SiO2 is obtained
with the PED technique owing to low energy plasma occurring
during the deposition process, which changes the hydrophobic-
ity of graphene without giving any structural damage. The
TPS measurements are in good agreement with the results of
SEM characterizations. Although an improvement in the mea-
sured photocurrent was achieved after TE encapsulation, recti-
fied and sharp TPS transitions were observed for PED SiO2

graphene samples. The experimentally obtained results showed
that surface treatment with low energy O2 plasma increases the
surface tension of graphene and, therefore, improves the pas-
sivation capability of the deposited SiO2 thin film.

II. EXPERIMENT

A. Growth, transfer, and encapsulation of graphene

Large area graphene samples were grown on unpolished
copper (Cu) foil (25 μm thick, 99.8% purity, Alfa Aesar) by
an atmospheric pressure chemical vapor deposition system.
Prior to the graphene growth experiments, Cu foil was
annealed for an hour at a temperature of 1000 °C under an H2

(20 sccm) and Ar (1000 sccm) gas mixture with a temperature
ramp rate of 30 °Cmin−1. After the annealing process, CH4

(10 sccm) gas was introduced into the furnace for 2 min. in
order to obtain single layer graphene. Finally, the sample
was left for a rapid cool down to room temperature under
H2 (20 sccm) and Ar (1000 sccm) gas flows.

The photoresist (PR) drop casting method is used for
the graphene transfer procedure. Thick droplets of S1813
PR chemical were drop-casted on graphene and baked at
70 °C overnight to gently harden the PR itself. The baked
sample was then immersed in an FeCl3 solution to etch the
Cu foil underneath the graphene/PR bilayer. The Cu-free
graphene/PR stack was cleaned in deionized water to remove
the FeCl3 residue. After N2 drying, the stack was transferred
onto the SI-SiC substrate. Then, the substrates were baked at
110 °C to reflow the PR on graphene, which helps the PR to
liquefy and release the graphene layer. The thermally softened
PR on graphene was removed in acetone.

The SiO2 encapsulation of the graphene layer transferred
on SI-SiC was realized by using TE and PED techniques.

The TE method is based on the direct sublimation of SiO2

pellets placed in a tungsten boat via Joule heating, while
PED is a gas assisted plasma deposition technique in which
SiO2 is ablated from a high purity commercial sputtering
target (Kurt J. Lesker, 99.999%) using a high power pulsed
electron beam. Prior to the encapsulation process, each of
the samples was annealed at 120 °C in vacuum to remove
the residues and possible adsorbates left from the transfer
process done under atmospheric environment. The sublima-
tion power used for SiO2 evaporation was 240W, which
corresponds to a temperature of about 1600 °C in a pressure
range of around 2 × 10−7 mbar. The growth parameters of
PED were 9.5 kV discharge voltage and 5.5 mTorr O2 gas
pressure. 100 nm thick SiO2 film was deposited on two sets
of graphene layers with TE and PED techniques, separately.

B. Electronic and optoelectronic characterization

For resistivity and Hall effect measurements, 4-terminal
contacts comprising Cr (∼3 nm)/Au (∼80 nm) contact pads
are deposited thermally on the corners of square shaped
samples in order to conduct 4-probe measurements through
a van der Pauw geometric structure.33,34 The electrical char-
acterizations of samples were done by using a Keithley
6220 Precision Current Source and a Keithley 2000 Digital
Multimeter. A permanent neodymium magnet providing a
magnetic field of 0.33 T was used for Hall Effect measure-
ments. Current–voltage (I–V) measurements were carried out
by a Keithley 2400 SMU and a 6485 Picoammeter. In addi-
tion, 254 nm UV light with 3 mW output power is used as the
light source for optoelectronic and TPS experiments. All the
measurements were done under high vacuum conditions.

III. RESULTS AND DISCUSSION

A. Raman and AFM analysis of CVD-grown graphene

The number of graphene layers was determined by single
point Raman spectroscopy measurements right after the
growth. Figure 1(a) shows the Raman spectrum of CVDG
including D (1369 cm−1), G (1590 cm−1), and 2D peaks
(2718 cm−1). The strong G peak and the weak D peak indi-
cate good graphitic quality, and the large 2D to G peak
intensity ratio (I2D/IG > 2) confirms the monolayer nature of
CVDG.35 The obtained Raman spectrum reveals that both
intensity ratios and narrow full width at half maximum of the
2D peak verify the existence of transferred single layer
CVDG.36,37 The AFM topography image of CVDG on the
SI-SiC substrate can be seen in Fig. 1(b). The CVDG layer
contains wrinkles and residues originating both from the
growth procedures and PR assisted transfer of CVDG from
Cu foil onto the SiC substrate.21

B. SEM analysis of SiO2 encapsulated graphene

SEM images of BG, TE-encapsulated (TEG), and PED-
encapsulated graphene (PEDG) are shown in Figs. 2(a)–2(c),
respectively. For a better inspection of the sample surface,
magnified SEM images are displayed in Figs. 2(d)–2(f).
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As seen in Fig. 2(b), cracks are formed throughout the surface
of the thermally evaporated SiO2 film on the graphene layer.
The reason is that the large thermal expansion coefficient dif-
ference between the SiO2 thin film (αSiO2

= 5 × 10−6 K−1)38

and graphene (αgraphene =−8 × 10−6 K−1)39 causes a substan-
tially high mechanical strain and stress, which gives rise to the
observed deformations on the SiO2 layer. However, a smooth
coating of the SiO2 film on graphene is obtained using the
PED technique. As the graphene layer was exposed to an
in situ low energy O2 plasma during SiO2 deposition in a
PED chamber, its surface energy is increased. The boosted
surface energy gives rise to hydrophilicity in the graphene
layer after PED encapsulation, which prevents the formation
of cracks in contrast to the TE method. These results

manifest that the surface wettability plays an important role
in the structural and morphological quality of the SiO2 thin
film, and O2 plasma treatment improves the adhesivity of the
surface and minimizes the surface deformations on the
encapsulation layer.40

As seen in Figs. 2(e) and 2(f ), the sizes of SiO2 nano-
particles are different due to two distinct coating methods.
The average size and amount of SiO2 nanoparticulation are
bigger and larger in TE encapsulation when compared to
the nanoparticles formed during PED [compare Figs. 2(e)
and 2(f )]. Graphene related wrinkles can also be seen in the
high magnification SEM image [Fig. 2(f )] of PED grown
SiO2 on graphene. These observed wrinkles are clear indi-
cators for the full coverage of a graphene layer. Contrary to

FIG. 1. (a) Raman spectrum of Cu background subtracted bare CVDG (the inset shows the Raman spectrum of the graphene layer on Cu foil). (b) AFM topog-
raphy image of bare CVDG on the SI-SiC substrate.

FIG. 2. SEM images of (a) BG, (b) TEG, and (c) PEDG showing the surface morphology of the SiO2 encapsulation layer on graphene. Magnified SEM images
of (d) BG, (e) TEG, and (f ) PEDG samples.
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PED SiO2, graphene wrinkles are not resolved in the TE
SiO2 [Fig. 2(e)] encapsulation layer. Since graphene has a
lack of wettability in the case of growth with the TE tech-
nique, the coating efficiency is reduced due to the absence
of surface adhesion on the graphene layer.

C. Electronic transport characterizations

Prior to determining the charge carrier characteristics of
the samples, we conducted two-terminal I–V measurements
for both TEG and PEDG before and after the SiO2 encapsu-
lation process and the obtained results are compared in Figs.
3(a) and 3(b). The measurements were acquired at a bias
voltage range between −2 V and 2 V. The initial resistance
of BG was measured as 1.1 kΩ, and after the SiO2 encapsu-
lation with TE, its resistance was found to be increased to
only 1.6 kΩ. However, in the case of SiO2 encapsulation
with PED, the resistance of the PEDG sample was deter-
mined to be as high as 4.7 MΩ. This observed increment in
the resistance of PED SiO2 samples was attributed to the pas-
sivation of dangling bonds responsible for the charge trans-
port in the graphene layer.

One of the key measurement methods to investigate the
electrical properties of materials is the combination of
resistivity and Hall measurements. The sheet resistance
and carrier density measurements were done on monolayer
graphene before and after SiO2 encapsulation of the
samples by TE and PED techniques. For the electrical
characterization steps, we produced a number of graphene
samples. We found that the sheet resistance of all the
grown graphene layers changes in between the values 1.2–
3.5 kΩ/□. Therefore, the sheet carrier density and mobility
values are also different depending on the graphene layer
chosen. The sheet resistance, sheet carrier density, and the
mobility values given in Table I for BG are typical. In
other words, for the electronic transport measurements,
two sets of graphene samples were selected randomly for
comparing the effects of TE and PED encapsulation pro-
cesses separately. We found that the sheet resistance of
PED SiO2 and TE SiO2 encapsulated graphene is increased
around two orders of magnitude and one order of magni-
tude, respectively. A dramatic decrement in the carrier
density was also observed after the PED encapsulation
process. The reduction in the carrier density is related to
complete distraction of the atmospheric dopers from the
graphene layer. In the TEG case, the SiO2 encapsulation

layer with defects cannot completely suppress the interac-
tion of adsorbates with the graphene layer. The results of
sheet resistance and sheet carrier density measurements
showed that the mobility variations in the TEG are more
acceptable compared to PEDG: A 25% decrement in the
carrier mobility was measured after TE encapsulation (see
Table I). It is known that the oxygen plasma treatment can
degrade the carrier mobility because of both the increment
in bonding strength and generation of dangling bonds.41

Although the measured value for the carrier mobility of
PEDG is much lower than that of BG, it can be concluded
that the increment in sheet resistance and the decrement in
carrier density are clear indicators for the complete passiv-
ation of the graphene layer with PED grown SiO2 film.
Compared to the encapsulation materials like Al2O3 and
HfO2 that were mentioned in the Introduction
section,16–18,42 the mobility of our PED SiO2 encapsulated
graphene samples is lower due to the low-k dielectric
constant of the SiO2 thin film.43,44

D. Transient photocurrent spectroscopy
measurements

It is known that the adsorption/desorption of gas mole-
cules like O2 and H2O is one of the main problems in
terms of the electrical stability of low dimensional materials
due to their high surface-to-volume ratio. There are several
studies on the impact of these atmospheric adsorbates on
graphene layers.21,45 Owing to the PR assisted transfer
process and the FeCl3 etchant for copper etching, CVDG is
unintentionally p-type doped.46,47 The above-mentioned
atmospheric adsorbates are known to dope CVDG with
holes. In order to remove these adsorbates from the graphene
layer, the samples were illuminated by a UV lamp for 10 ks
under high vacuum (P∼ 10−5 mbar) conditions.48 Then, 30 s

TABLE I. Sheet resistance and carrier density characteristics of BG, TEG,
and PEDG samples.

Method
Sheet resistance

(kΩ/□)
Sheet carrier density

(1012 cm−2)
Mobility
(cm2/V s)

BG 1.5 16.9 243.8
TEG 15.9 2.1 183.3
BG 3.1 13.9 134.2
PEDG 341.4 0.7 25.2

FIG. 3. I–V characteristics of (a) BG, (b) TEG, and (c) PEDG. The dashed line in (b) and (c) corresponds to the I–V measurement of BG as a reference.
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two-cycle photocurrent spectroscopy measurements were
taken to investigate the contribution of the adsorbates to the
electrical characteristics of graphene, as well as the contribu-
tion of the photogenerated excitons formed at the depletion
layer of the underlying wide bandgap (Eg= 3.2 eV) SI-SiC
substrate.

The TPS measurement of BG is shown in Fig. 4(a).
When the UV light is turned on, a sudden peak related to the
photogenerated exciton occurs, and then an exponential
decay follows it over time due to the simultaneous desorp-
tion of hole doped atmospheric adsorbates. After the shutter
is closed, the photogenerated charge carriers (electrons and
holes) recombine, and thus a steep drop is observed within a
fraction of 1 s. Since the partial pressure of H2O and O2

(P ∼ 10−8 mbar49) is much lower than the pressure level
of our vacuum chamber (P ∼ 10−5 mbar), these adsorbates
expelled from the graphene layer under vacuum start to
stick back on the surface over time, which is reflected as a
slow exponential growth in the measured current when the
UV light is turned off as shown in Fig. 4. The contribution
of adsorption/desorption of adsorbates in the measured
current was found to be more dominant than the contribu-
tion of photogenerated charge carriers. This gives rise to an
overall increment in the current alteration after two periods
of on/off cycles. As seen in Fig. 4(b), the contribution of
adsorption/desorption to the measured current becomes less
pronounced after the SiO2 encapsulation of graphene with
the TE method.

For TE SiO2 encapsulated graphene, the adsorbate effect
seen as an exponential function of time still plays a crucial
role. This is due to the cracks present on the SiO2 film as
shown in Fig. 2(b). The atmospheric adsorbates seem to inter-
act with the graphene layer by penetrating from the cracks and
cavities on the SiO2 thin film. Unlike BG and TEG, the TPS
measurement of the PEDG sample exhibits uniform and stable

profiles, revealing that the sample had excellent photocurrent
reversibility and a fast response speed [Fig. 4(c)]. The obtained
result is in an agreement with the SEM measurement of
PEDG. Since the interaction of adsorbates in air with graphene
is blocked completely by the PED SiO2 layer, the contribu-
tions of the photogenerated excitons to the electrical con-
ductivity become dominant. Therefore, the photoswitching
time is greatly enhanced and all transitions occurred within
only a second. It can also be deducted from Fig. 4(c) that
the amplitude of the photogeneration is increased about two
orders of magnitude after PED encapsulation. This is due
to the fact that the adsorbate layer absorbs most of the UV
light due to its binding energy. Thus, the exciton generation
rate in the depletion layer of underlying SI-SiC dramatically
diminishes. However, successful passivation evacuates this
adsorbate layer and thus the exciton generation rate can be
increased substantially.

The schematic illustrations that describe the effect of the
encapsulation methods on the adsorbate interactions are
shown in Fig. 5. The cross-sectional sketches of the
samples are combined with the top view SEM images that
are given at the bottom of each illustration in Fig. 5. As
illustrated in Fig. 5(a), the adsorbates readily stick on the
graphene layer and thus increase their electrical conductiv-
ity. After TE encapsulation, SiO2 flakes partially hinder the
sticking of adsorbates on the graphene layer. Accordingly,
the effective surface-to-volume ratio is decreased [see
Fig. 5(b)] and the conductivity fluctuations are enhanced.
However, the interactions between the graphene layer and
atmospheric adsorbates could not be stabilized completely.
A complete suppression is only achieved by PED encapsu-
lation, thanks to its in situ low energy plasma treatment that
increases the surface energy and overcomes the thermal
expansion coefficient difference between graphene and SiO2

[Fig. 5(c)].

FIG. 4. Transient photocurrent spectroscopy measurements of (a) BG, (b) TEG, and (c) PEDG.

FIG. 5. Schematics of the mechanism for (a) BG, (b) TEG, and (c) PEDG. The scale bar of all the SEM images is 200 μm.
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IV. SUMMARY AND CONCLUSIONS

The impact of atmospheric adsorbates on the electronic
and optoelectronic characteristics of graphene is investigated
by encapsulating the graphene layer with two different
coating methods. The measurements show that the surface
wettability plays a crucial role in the encapsulation efficiency
of the deposited SiO2 thin film. We observed that cracks are
formed throughout the surface of the thermally evaporated
SiO2 film on graphene as a result of poor surface wetting.
The cracks on thermal SiO2 passivate graphene only partially
and thus reduce the effective surface area-to-volume ratio of
encapsulated graphene compared to that of bare graphene.
On the contrary to TE, graphene is exposed to low energy
plasma treatment during the PED process, which increases
the surface energy and greatly suppresses the cracks on the
deposited SiO2 film. The encapsulation of graphene with
PED grown SiO2 was found to decrease the carrier mobility
relative to the carrier mobility of TE SiO2 encapsulated gra-
phene samples. Nevertheless, the results of TPS measure-
ments showed that rectified and sharp photocurrents can be
achieved as a consequence of the complete passivation of
graphene with the PED grown SiO2 layer. The experimen-
tally obtained results can be used as a pioneering model for
improving long-term electrical and optoelectronic stability of
graphene-based devices.
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