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1Quantum Device Laboratory, Department of Physics, _Izmir Institute of Technology, _Izmir 35430, Turkey
2Department of Material Science and Engineering, _Izmir Institute of Technology, _Izmir 35430, Turkey

(Received 1 November 2017; accepted 18 December 2017; published online 3 January 2018)

Adsorbate induced variations in the electrical conductivity of graphene layers with two different

types of charge carriers are investigated by using the Transient Photocurrent Spectroscopy (TPS)

measurement technique. In-vacuum TPS measurements taken for a duration of 5 ks revealed that

the adsorption/desorption of atmospheric adsorbates leads to more than a 110% increment and a

45% decrement in the conductivity of epitaxial graphene (n-type) and chemical vapor deposition

graphene (p-type) layers on semi-insulating silicon carbide (SiC) substrates, respectively. The

graphene layers on SiC are encapsulated and passivated with a thin SiO2 film grown by the Pulsed

Electron Deposition method. The measurements conducted for short periods and a few cycles

showed that the encapsulation process completely suppresses the time dependent conductivity

instability of graphene independent of its charge carrier type. The obtained results are used to con-

struct an experimental model for identifying adsorbate related conductivity variations in graphene

and also in other 2D materials with an inherently high surface-to-volume ratio. Published by AIP
Publishing. https://doi.org/10.1063/1.5011454

Two-dimensional (2D) materials such as graphene,

MoS2, and BN exhibit exciting properties as they are thinned

down from their bulk counterparts to their physical limits.

Owing to their superior surface-to-volume ratio and hence

their sensitivity to extrinsic adsorbates, graphene, and other

2D materials are considered to be adapted for gas and humid-

ity sensing technology.1–3 However, the unique property of

these 2D structures presents serious problems when they are

desired to be used as electrically stable components in elec-

tronic or optoelectronic devices operating under atmospheric

conditions. The adsorbates like O2 and H2O in air serve as

surface trap states, and hence, the adsorption/desorption of

these molecules drastically alters the electronic transport

characteristics of 2D materials4–6 via the charge transfer dop-

ing effect. For example, it has been shown that atmospheric

adsorbates degrade the conductivity of monolayer MoS2 by

more than an order of magnitude.7

Graphene forms a Schottky junction when it is trans-

ferred onto the surface of technologically important conven-

tional semiconductors like Si, GaAs, and SiC8–10 because of

the fact that the graphene/semiconductor heterojunction is

expected to exhibit a strong rectification which can be uti-

lized for Schottky barrier devices like tunneling field effect

transistors and photodetectors with relatively low leakage

currents.11,12 However, adsorbate induced alteration in gra-

phene’s conductivity causes undesirable variations4,13 in

the effective Schottky barrier height14 and consequently

gives rise to instabilities in device performance. Therefore,

in order to maintain long term electrical stability of the devi-

ces, the interaction between the 2D materials and surround-

ing gas molecules should be necessarily prevented.

In this letter, we report an experimental model to reveal

the effect of adsorption/desorption of atmospheric adsorbates

on the electrical characteristics of both n-type and p-type

graphene layers which were either transferred or directly

grown on semi-insulating (SI) SiC substrates. In-vacuum

transient photocurrent spectroscopy (TPS) measurements

taken under ultraviolet (UV) light illumination showed that

the adsorbates modify the electrical conductivity of graphene

depending only on its charge carrier type and hinder the for-

mation of photogenerated charge carriers in the depletion

region of SiC underneath. For comparison, a set of graphene/

SiC samples with two different carrier types in the graphene

layer were encapsulated with the SiO2 thin film by using the

state-of-the-art Pulsed Electron Deposition (PED) technique.

The TPS measurements revealed that the photoresponse time

of the samples with a bare graphene layer was greatly

improved (independent of graphene’s carrier type) from

hours to a second when their surfaces are passivated with a

PED grown SiO2 encapsulation layer. The experimentally

obtained results are used to resolve the mechanism behind

the adsorbate induced variations in the charge carrier dynam-

ics of graphene and also other 2D materials.

It is known from the literature that graphene layers

grown by chemical vapor deposition (CVDG) has strong

p-type carrier density,15,16 while the epitaxial graphene (EG)

layers produced on the Si-face surface of the SiC substrate

exhibits an inherent n-type conductivity.17–19 Therefore, in

order to make a viable comparison between two different

charge carrier types but for the same material, we used both

monolayer CVDG and EG that were either transferred or

directly grown on SI-SiC substrates. The details of the

growth procedures for CVDG and EG can be found in Refs.

20 and 21, respectively. The presence of graphene and its

thickness were determined by single point Raman spectros-

copy measurements. The Raman spectra of CVDG on copper

(Cu) foil and EG on the SiC substrate were acquired right

after each growth procedure. As shown in Fig. 1(a), thea)Electronic mail: cemcelebi@iyte.edu.tr
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Raman spectrum of CVDG retains a curve like Cu induced

florescence background, while the Raman spectrum of EG

contains SiC associated band peaks. Graphene related D, G,

and 2D peaks were resolved in all the measurements. Figure

1(b) displays the background subtracted Raman spectra of

CVDG and EG.22 The obtained Raman profiles reveal the

characteristics G and single Lorentzian 2D peaks that are

similar to those of mechanically exfoliated single layer gra-

phene on a 300 nm thick SiO2 substrate.23 The strong G peak

and the weak D peak indicate good graphitic quality, and the

large 2D to G peak intensity ratios (I2D/IG > 2) confirm the

monolayer nature of both CVDG and EG.24 The morphology

of the grown graphene layers was determined by tapping

mode Atomic Force Microscopy (AFM) topography meas-

urements. Figures 1(c) and 1(d) show the AFM images of

transferred CVDG and EG on the SiC substrate, respectively.

As seen in Fig. 1(c), the CVDG layer contains wrinkles and

residues originating from the growth procedures and photo-

resist assisted transfer of CVDG from Cu foil onto the SiC

substrate. The AFM image of EG exhibits typical SiC back-

ground based large terraces21 and graphene related flaky

structures appearing with blurry wrinkles lying on these

terraces [Fig. 1(d)]. The small amount of local but darker

regions corresponds to a few layer EG flakes.

Following the Raman and AFM analysis, Cr/Au (3 nm/

80 nm) interconnect source/drain pads were thermally depos-

ited on the sides of graphene layers for conducting two-

terminal I-V measurements. The surfaces of a set of CVDG

and EG samples, comprising source/drain electrodes, were

encapsulated with a 100 nm thick SiO2 layer by the PED

method. The TPS measurements of the samples were done

under 254 nm wavelength UV light illumination inside a

high vacuum chamber with a base pressure of about 5� 10�5

mbar. For the TPS experiments, an electronic shutter mecha-

nism is coupled to the UV light source and the photocurrent

data of the samples were acquired at a bias voltage of

Vb¼ 2 V. Prior to the TPS measurements, we conducted I-V

measurements for both CVDG and EG before and after the

SiO2 encapsulation process, and the obtained results are

compared in Figs. 2(a) and 2(b). The initial resistance of

bare CVDG (B-CVDG) was measured to be 1.1 kX, and after

the encapsulation, its resistance was found to be increased to

4.7 MX. The initial resistance of bare EG (B-EG) is 6.5 kX,

while the encapsulated EG (E-EG) has the resistance of 1.2

MX. The increment in the resistance of the samples was

attributed to the passivation of the dangling bonds responsi-

ble for the charge transport in the graphene layer.

Although there are a variety of studies regarding the

adsorption/desorption of O2 and H2O molecules by gra-

phene,4,13 there are no TPS measurements conducted to

obtain a deep insight into the adsorption/desorption induced

variations in the conductivity of graphene layers with two

different charge carrier types. To promote desorption of

adsorbates which were already stuck on graphene in air, the

samples were exposed to UV light for a period of 5 ks under

high vacuum conditions. The irradiation wavelength is spe-

cifically selected to be 254 nm since it is energetically suffi-

cient enough to desorb O2 and H2O molecules from the

graphene layer13,25 and at the same time to generate excitons

in the depletion region of the underlying SiC crystal due to

its wide bandgap energy (Eg¼ 3.2 eV).

Figure 2(c) shows that as the UV light desorbs the adsor-

bates, the current of B-CVDG decreases monotonously in

contrast to the increase in the current for B-EG. This oppo-

site behavior seen in the current characteristics suggests that

the charge carrier types in these two graphene layers are

indeed different from each other. After 5 ks period of UV

light illumination, the changes in the currents of B-CVDG

and B-EG were measured as high as 45% and 110%, respec-

tively. When the UV light is turned off, the adsorbates with

lower partial pressure in the middle 10�5 mbar vacuum range

FIG. 1. The Raman spectra of CVDG on Cu and EG on SiC (a) without and

(b) with background attenuation. AFM topography images of (c) CVDG on

Cu and (d) EG on SiC substrates.

FIG. 2. The I-V characteristics of CVDG and EG layers on SI-SiC (a) before

and (b) after the SiO2 encapsulation process. The change in the currents of

(c) CVDG and (d) EG samples that were exposed to 254 nm UV light for a

period of 5 ks under high vacuum conditions. After a period of 5 ks, the UV

light is turned off and the samples are let to relax in vacuum for another 5 ks.
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tend to stick back onto the graphene layer and hence give

rise to a slight variation in the final current level of the sam-

ples. We have found that even after a period of 5 ks, the cur-

rent of the sample could not reach its initial value measured

before the UV light illumination. However, unlike the

B-CVDG and B-EG, the UV light leads to a rapid increase

in the measured currents of the SiO2 encapsulated ones [Fig.

2(d)]. When the UV light is turned off, the current drops

sharply down to its initial state within only one second. Such

a fast on/off transition in the currents of encapsulated sam-

ples is dominated by the photogenerated charge carriers

created in the depletion region of the SiC substrate under-

neath and not by adsorption/desorption of the adsorbates on

the graphene layer.

The TPS measurements applied for short periods and a

couple of cycles provide insight into the distinct behaviors

behind the above mentioned current characteristics of the

samples. For the TPS measurements, we set the shutter on/

off period to 30 s for three cycles. Prior to the experiments,

all the samples were exposed to UV light in vacuum for a

duration of 10 ks to make sure that the adsorbates are

removed in a large extent from the graphene layer. The

results of TPS measurements acquired before and after the

encapsulation process are shown in Fig. 3. The spectra that

belong to B-CVDG and E-CVDG are compared in Figs. 3(a)

and 3(b), respectively. When the shutter is closed, a sudden

drop in the current is observed within a second for B-CVDG

[Fig. 3(a)]. Then, in a couple of seconds, a trace amount of

adsorbates with lower partial pressure in vacuum (middle

10�5 mbar) is adsorbed back by the graphene layer over

time, resulting in an exponential growth of the current. Under

the UV light illumination, a sharp increment in the current

occurred also within a second, which is followed by a rapid

exponential decay. From the literature, we are aware of the

fact that the adsorption of O2 and/or H2O molecules dopes

graphene with holes.4,13 This explains well the time depen-

dent but slow variation of the current in our B-CVDG when

the UV light is either turned on or off. Since the adsorption

rate with the measured time constant of sad¼ 21.7 s is smaller

than the desorption rate (sdes¼ 13.2 s), an upward trend was

observed in the overall current variation within a couple of

on/off cycles. Unlike B-CVDG, the TPS plot of the encapsu-

lated one exhibits uniform and stable profiles, revealing that

the sample had an excellent photocurrent reversibility and a

fast response speed [Fig. 3(b)]. In addition, the magnitude of

the current change in CVDG samples was found to be

increase from 1% to 34% when it is encapsulated with the

SiO2 layer.

For B-EG, a relatively weak but fast decrement in the

current is followed by an exponential decay when the shutter

is closed [Fig. 3(c)]. Similar to that observed for B-CVDG,

we measured a sudden rise in the current within a second

after the shutter is opened. However, following the first steep

rise, the current increased exponentially as a function of time

in contrast to the exponential decay of the current measured

for B-CVDG. This observed behavior in the current variation

for B-EG cannot be explained in terms of adsorbate induced

hole doping process. The measured TPS characteristics of our

B-EG are similar to those of n-type metal-oxide semiconduc-

tors like ZnO thin films.26–28 The adsorbates that were stuck

on the surface of the n-type ZnO film trap the free electrons

and thus lead to a drastic drop in the current under atmo-

spheric conditions. Analogously, as the UV light desorbs the

adsorbates from the B-EG layer, the trapped electrons are

released over time and therefore give rise to an exponential

growth in the current. For B-EG, the adsorption rate with the

measured time constant of sad¼ 27.5 s is also smaller than the

desorption rate (sdes¼ 17.9 s). However, unlike B-CVDG, the

difference between the adsorption rate and the desorption rate

for B-EG causes a downward trend in the overall current vari-

ation within a couple of on/off cycles. As displayed in Fig.

3(d), the current of the sample could be reversibly modulated

by UV illumination, indicating good reproducibility and sta-

bility of E-EG. The small amplitude variations seen in the

measured current are attributed to the hole traps present at the

EG/SiC interface.19 The photoresponsivities of encapsulated

graphene layers are compared with each other for a UV irra-

diation output power of 3 mW. The photoresponsivity of E-

CVDG is measured to be 90 lA/W, which is much larger

than the one measured for E-EG (32 lA/W).

The illustrations in Fig. 4 display the adsorption/desorp-

tion induced modifications in the charge carrier dynamics of

CVDG and EG samples and provide an insight into the experi-

mental results presented in Fig. 3. For the samples with a bare

graphene layer, the conductivity is modified by the adsorption/

desorption of adsorbates and photogenerated charge carriers

from the underlying SiC substrate together. The experimen-

tally obtained results manifest that the conductivity of B-

CVDG (rCVDG) changes in the form of DrCVDG tð Þ / ½rph

�rad tð Þ� [compare Figs. 3(a) and 4(a)], whereas the change in

the conductivity of B-EG (r) takes the form of DrEG tð Þ /
½rph þ radðtÞ� [compare Figs. 3(c) and 4(c)]. Here, rph is the

contribution of photogenerated charge carriers and radðtÞ is

the contribution of adsorbates to graphene’s conductivity.

Compared to B-EG, the contribution of these photogenerated

charge carriers to the overall conductivity is more pronounced

FIG. 3. Short-period TPS measurements of CVDG (a) before and (b) after the SiO2 encapsulation process. Short-period TPS measurements of EG (c) before

and (d) after the SiO2 encapsulation process. Rectified and stable TPS characteristics were achieved for both CVDG and EG after the SiO2 encapsulation.

013103-3 Kalkan et al. Appl. Phys. Lett. 112, 013103 (2018)



in the B-CVDG sample, because of the fact that unlike B-EG,

we observed a spike-like sudden rise in the current of B-

CVDG when the UV light is either turned on or off. As can be

understood from the TPS measurements shown in Figs. 3(a)

and 3(c), radðtÞ is indeed a time dependent exponentially vary-

ing function. The adsorbate layer on graphene absorbs most of

the UV photons impinging on the sample surface for the

desorption process and thus strongly hinders the formation of

photogenerated charge carriers in the depletion layer of SiC

underneath. When the UV light is off, the change in the con-

ductivity becomes DrCVDG tð Þ / ½rad tð Þ � rph� for B-CVDG

and DrEG tð Þ / ½�ðrph þ radðtÞÞ� for B-EG due to the adsorp-

tion of the adsorbates with low partial pressure in the corre-

sponding vacuum level. However, when the samples are

encapsulated, the contribution of adsorbates to the graphene’s

conductivity is suppressed, and therefore, the UV light produ-

ces only the photogenerated carriers in the depletion layer of

SiC. These photogenerated charge carriers modify the con-

ductivity of the graphene layers via the charge transfer doping

process, because of the fact that the conductivity variation in

both the encapsulated samples takes a time independent form

of Dr / rph as schematically depicted in Figs. 4(b) and 4(d).

In summary, we have investigated the impact of atmo-

spheric adsorbates on the electrical stability of graphene

layers with two different charge carrier types by using the

Transient Photocurrent Spectroscopy technique. The measure-

ments proved that the adsorption/desorption of adsorbates

indeed modifies the conductivity of graphene, but in a distinct

manner, depending on whether it is n-type (as in epitaxial gra-

phene) or p-type doped (as in CVD graphene), and acts as the

main source for time dependent electrical instability.

Adsorbate induced variations in the electrical conductivity of

n-type graphene were found to be consistent with the conduc-

tivity instabilities in n-type metal-oxide semiconductors like

ZnO thin films subject to the atmospheric environment. For p-

type materials with a high surface-to-volume ratio, we also

expect adsorbate induced conductivity instabilities, but in the

same manner as we experimentally observed for CVD gra-

phene in this study. The encapsulation of graphene with PED

grown SiO2 was found to block the adsorption/desorption of

atmospheric adsorbates and therefore maintains the electrical

stability of graphene independent of its charge carrier type.

Our experimentally obtained results can be used to interpret

the adsorbate induced conductivity variations that may occur

in other materials like 2D systems with an inherently high sur-

face-to-volume ratio.

The authors would like to thank Serap Yi�gen for Pulsed

Electron Deposition experiments, Damla Yeşilpınar for her help
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