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Abstract—Graphene has exceptional electronic, optical, mechanical and thermal properties that determine its
great potential in electronic, optoelectronic and sensing applications. In this study graphene has been covalently
functionalized with azobenzene (AB) photosensitizer. The field-effect transistor (FET) with AB-functionalized
graphene exhibited the p-doping effect with hole concentration ca 4 x 10'> cm ? and interesting optoelectronic
behaviour. The Dirac point of graphene in the FET could be controlled by light modulation due to azobenzene
reversible switching between cis and trans conformations upon UV and visible light irradiation. Cis structure
formation was initiated by UV irradiation that induced the shift of the Dirac point of graphene toward positive
gate voltage. The reverse process back to trans form occurred under visible light irradiation or in darkness
inducing the shift of the Dirac point toward negative gate voltage. The effect was reproduced repeatedly.
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INTRODUCTION

Graphene-based optoelectronic devices [1-3] de-
monstrated clear potential in solar cells, touch screens
and photodetectors [4-6]. The remarkable optical
properties of graphene, including its linear optical
absorption [7], tunable band-gap [8] and intrinsic
photocurrent [9—-12], have been demonstrated and can
be integrated with its distinctive electronic and
mechanical features. Weak adsorption of pristine
graphene (2.3%) limits significantly its application in
photodetection. Tuning of the energy level and control
of electronic properties of graphene are required for
electronic devices and related applications that have
been explored in making graphene nanoribbon and
nanomesh structures by preparing bilayer graphene and
doping of graphene [13-21]. Among such approaches
doping of graphene is now considered to be the easiest
way to control its electrical properties. There are
several approaches to the method of doping. For
instance, the most common doping leads to replacing
carbon atoms in graphene by nitrogen under ammonia

! The text was submitted by the author in English.

flow at high temperature (n-type of doping) [19, 20].
The drawbacks of substitutional doping are low
mobility and conductivity of graphene because of
introduction of large number of defects into it [19-21].
Introduction of functional groups into graphene by
covalent bonding also changes its electrical properties
[22-24]. Formation of covalent carbon—carbon
chemical bonds involving the basal plane carbon atoms
presents key advantages such as high stability of the
hybrid material, control over the degree of
functionalization and reproducibility.

Photochromatic azobenzene has been extensively
studied as a core for light-driven applications such as
photoswitching [25], micropatterning [26] and
reversible optical storage [27]. Azobenzene units can
undergo trans—cis photoisomerization under UV light
associated with distinctive structural rearrangements
[28, 29]. Optically modulated electronic properties of
carbon nanotubes (CNTs) were achieved by con-
formational changes of azobenzene moieties on the
sidewalls. Conductance of CNTs non-covalently
attached by azobenzene can be controlled by UV light
due to similar transformations that lead to changes in
the dipole moment of azobenzene chromophores, thus
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Table 1. Synthesis conditions of single layer ME-GR at room temperature

Concentration of . Stability of Concentration of . Stability of
. . Reaction . . Reaction
Sample diazonium salt, . . graphene onto | Sample | diazonium salt, | . . graphene onto
time, min time, min
mg/mL substrate mg/mL substrate
ME-1 10 30 Stable ME-6 10 30 Stable
ME-2 10 60 Stable ME-7 15 30 Stable
ME-3 10 120 Stable ME-8 20 30 Stable
ME-4 10 240 Stable ME-9 25 30 Stable
ME-5 10 360 Stable

altering the local electrostatic potential in a nanotube
[30, 31]. Thus, incorporating azobenzene chromophores
into graphene sheets may lead to advances in optically
tunable electronic properties due to novel functional
synergy. Influence of photoisomerization of azo-
benzene moieties on graphene is a key factor for its
applications in optical and photonic devices.

In the current study azobenzene was applied as
photosensitive material for graphene field effect
transistors. Optoelectronic performance of the hybrid
graphene-azobenzene devices was investigated. It
demonstrated the defect-free p-doping of graphene and
reversible modulation of the Dirac point in its
functionalization with azobenzene via covalent
bonding. cis—trans Reversible switch influenced the
dipole moment of the molecules and hence, the extent
of doping in graphene. The effects were studied by
Raman spectroscopy and electrical measurements. It
was possible to engineer the energy level alignment
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Fig. 1. Raman spectrum of pristine ME-graphene and
azobenzene-functionalized ME-graphene. (/) Pristine
graphene and (2) functialized graphene.

such as charge separation and transfer in the hybrid
graphene—azobenzene systems.

RESULTS AND DISCUSSION

The GR-AB hybrid was synthesized via covalent
linkage between graphene and azobenzene justified by
Raman spectroscopy (Fig. 1). The symmetric single
peak of 2D band centred at 2684 cm' was
significantly more intensive than the G peak centred at
1582 cm' indicating that graphene investigated in this
study was high-quality single layer [32]. For electrodes
made of ME-GR no D peak was detected at 1350 cm ',
indicating that the graphene sheet was clean and
defect-free. Upon functionalization the new distinctive
D band at 1350 cm ™' appeared. It was attributed to the
covalent attachment of the functional group [33-35].

The G band was shifted upfield upon func-
tionalization with azobenzene indicating the p-type
doping of graphene. Intensity of the D band increased
over time (Fig. 2a and Table 1) and in the presence of
higher concentrations of diazonium salt (Fig. 2b and
Table 1). Such result was consistent with sp* to sp’
transformation of some graphene carbon atoms [36-38].

As a control experiment single layer ME-GR was
treated with diazonium salt solution at room
temperature for two min. Physical adsorption of the
azobenzene group on GR is demonstrated by the
Raman spectrum (Fig. 3) that demonstrated the
characteristic signals of bands G (1584 cm™') and 2D
(2684 cm™") but no signal at ca 1350 cm™ of D band.
This confirmed that the functional group was adsorbed
physically but not covalently on the surface of
graphene.

Atomic force microscopy (AFM) was used to
measure the height profiles of pristine graphene and
functionalized graphene. The height for pristine single-
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Fig. 2. Raman spectra of (a) ME-GR functionalized at different reaction time, min: (/) 30, (2) 60, (3) 120, (4) 240, (5) 360 and
(b) ME-GR functionalized with different diazonium salt concentrations, mg/mL: (1) 10, (2) 15, (3) 20, (4) 25.

layer ME-GR was 0.5 nm (Fig. 4a). After chemical
reaction with azobenzene diazonium solution the
height of single-layer graphene increased to 1.75 nm
(Fig. 4b). It indicated that the azobenzene groups were
attached to the surface of graphene.

The covalent bonding of azobenzene with graphene
was assessed with X-Ray Photoelectron Spectroscopy
(XPS) (Figs. 4c and 4d). The C 1s signal observed at
ca 284.5 eV broadened and decreased in intensity upon
exposure to diazonium solution. The signal observed at
ca 285.5 eV was attributed to the C-N bond of the
azobenzene group while the decrease in the intensity of
the peak at 284.5 eV was attributed to the decreased
number of sp® carbon atoms in the lattice due to the
change in hybridization [39—41]. The signal observed
at ca. 399.3 (Fig. 4d) was assigned to the azo (-N=N-)
group. AFM and XPS studies of pristine and
functionalized graphene demonstrated that the
azobenzene groups were attached to one side of the
single-layer graphene basal plane.

We fabricated a field-effect transistor device with
single-layer graphene. Graphene was mechanically
exfoliated onto a 300 nm SiO,/Si wafer using kish
graphite by scotch tape method (Fig. 5). The graphene
FET device was immersed into a solution of azo-
benzene diazonium salt for 24 h, followed by rinsing
with acetone to remove any unbound azobenzene and
then drying in the atmosphere of N,.

The pristine graphene device demonstrated low p-
type character with the Dirac point of 7.4 V (Fig. 6).

AB-GR hybrid demonstrated the more pronounced p-
type character compared to pristine graphene with the
Dirac point at 13.6 V upon treatment with UV light
(trans to cis isomerization) (Fig. 7a). The Dirac point
upshift by 2.6 V indicated some increase of hole
carriers by higher dipole moment of cis-azobenzene.
Upon white light action (Fig. 7b) the Dirac point
reverted back to ~13.6 V. Changes in the Dirac point
were reversible upon alternating UV and visible light
irradiation and doping level of graphene functionalized
with azobenzene could be controlled. cis Form lowered
the Fermi level while the trans form raised it (Fig. 7c¢).

Quantitative estimation of the charge carrier
concentration was deduced from Dirac point shifts on
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Fig. 3. Raman spectra of ME-GR single layer before and
after chemical treatment with diazonium salt for 2 min.
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Fig. 4. AFM height images of (a) pristine ME-GR, (b) functionalized ME-GR, (c) C 1s XPS spectra of graphene before and after
functionalization, and (d) N1s XPS spectra of graphene before and after functionalization.

Fig. 5. Schematic presentation of a FET device with graphene functionalized with azobenzene.

Table 2. Estimated hole concentrations (n) deduced from  the assumption that the very point of pristine graphene
Dirac point positions

represented zero carrier concentration. Hole concentra-

o - o tions were derived from shifts in Dirac points (Table 2)
Anch ;% @% upon functionalization, UV and white light illumine-
FET Graphene Z(;aelﬁziréef S é 2 é tion using standard charge carrier density model of Si
grap E § E back-gate FET:
: ) — . n = €&V birac/€Tox,
Dirac point 74 136 16.2 136 where g, is the permittivity of free space, € is the
nx 102, cm™ 0.0 4.2 5.1 43 relative permittivity of SiO,, Vi is the Dirac point in
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voltage, Tox is the thickness of SiO, and e is the
electron charge.

lumination with UV light induced trans—cis
photoisomerization and led to higher conductance
resulting in upshift in the Dirac point. Reduced dipole
(from cis to trans) induced by subsequent visible light
illumination resulted in lower conductance and a
downshift in the Dirac point. These switching events
could be repeated at least over five cycles that justified
stability of the system.

Graphene doping by azobenzene molecules pre-
served mobility of the devices. We estimated the hole
mobility using the standard transistor model

u=gL/VspCoxW,

where g is the transconductance, L and W are the
channel length and width of the device, respectively,
Vsp is the source-drain potential, and Cox is the gate
capacitance per unit area. Pristine graphene devices
demonstrated hole mobility of 1800-2000 cm® V' s
Upon functionalization the hole mobility of azo-
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Fig. 7. Dirac point change in I-Vg curves for FET with graphene functionalized with azobenzne upon (a) UV light exposure:
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azobenzene at OV gate bias.
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EXPERIMENTAL

Monolayer graphene flakes were mechanically
exfoliated onto Si substrate with 300 nm thermal
oxide. We applied both optical contrast and Raman
spectroscopy to identify the single-layer graphene
(SLG) sheets. The 514 nm laser as an excitation source
was used to avoid any damage or heating of graphene
in the course of measuring. Exposure time was 10 s
and the calibration was done using a reference Si peak
positioned at 520 cm .

Graphene channels patterned on a Si substrate with
300 nm thermal oxide were used for device fabrication
by electron beam lithography (Nanobeam nB4, NBL),
O, plasma, metal deposition [Cr (5 nm)/Au (50 nm)],
and lift-off process. The channel of graphene FET was
of 1 um length and 2 pm width. The fabricated
graphene FET device was functionalized by dipping it
into a solution of azobenzene diazonium salt for 24 h
followed by rinsing with acetone and dried in the
atmosphere of N,. Electrical characteristics of the FET
device of pristine and functionalized graphene were
estimated with a semiconductor parameter analyzer
(4200-SCS, Keithley).

CONCLUSIONS

We have demonstrated defect-free p-doping of
graphene by its functionalization with covalently
bonded azobenzene. The transformations between cis
and trans structures induced by UV and visible light
irradiation affected the electrical properties of
graphene. There was observed the reversible light-
modulated Dirac point of graphene upon exposure to
UV and visible light. Analysis of transistor charac-
teristics demonstrated that the charge carrier con-
centration could be modulated within £1 x 10'* cm™
by UV and white light illumination via reversible
photoisomerization of azobenzene while preserving
mobility of pristine graphene. Retention of high
mobilities, the ability to modulate doping by light and
ease of processing of the azobenzene-graphene hybrids
were advantageous over substitutional doping.
Sensitivity of the graphene FET in detecting and
amplifying relatively small changes in electrostatic
potential due to molecular transformations was very
high which presents a closer approach to doping
control methods by using functionalization of graphene
with photochromic molecules.
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