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raphene, which consists of a single-

atom-thick plane of carbon atoms

arranged in a honeycomb lattice,
has demonstrated excellent carrier trans-
port attributed to a unique two-dimensional
(2D) energy dispersion.'* Because the en-
tire layer of carbon atoms has an immediate
exposure to the surroundings, tunable elec-
trical properties of graphene in both n-type
and p-type are attainable by instantaneous
doping.>~® To date, several approaches
have been applied to control the carrier
types and modulate carrier concentrations
in graphene by means of adsorption of
molecules,’~"" covalent functionalization,'>~"”
surface modification of substrates,'®%° or
using metallic ultrathin films.'~% Because
these doped graphene devices are usually
vulnerable to the influence of the surrounding
environment, the fundamental issues regard-
ing doping, stability, and lifetime are crucial
subjects for the development of graphene-
based integrated electronics. In addition, the
task to obtain a stable n-type graphene tran-
sistor at ambient condition is generally more
difficult to achieve than its p-type counterpart.
The conventional method to obtain electron-
doped graphite is usually through alkali metal
intercalation;*® however, the rapid degradation
upon exposure to air limits its practical
applications. Several methods have been
proposed to fabricate n-type graphene tran-
sistors; for example, substitutional doping
with the incorporation of nitrogen dopants
into carbon lattices under a vacuum condi-
tion can result in n-type transport of grap-
hene.'®'® The incorporation of nitrogen
atoms into the matrix of the sp>-bonded
carbon usually leads to the appearance of
nitrogen impurities, such as pyridine or
pyrrole configurations,'® which may in-
crease the defect density and deteriorate the
carrier mobilities of graphene."'” Alternative
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This paper presents an innovative approach to fabricating controllable n-type doping graphene
transistors with extended air stability by using self-encapsulated doping layers of titanium suboxide
(TiOx) thin films, which are an amorphous phase of crystalline Ti0, and can be solution processed.
The nonstoichiometry TiOx thin films consisting of a large number of oxygen vacancies exhibit
several unique functions simultaneously in the n-type doping of graphene as an efficient electron-
donating agent, an effective dielectric screening medium, and also an encapsulated layer. A novel
device structure consisting of both top and bottom coverage of TiOx thin layers on a graphene
transistor exhibited strong n-type transport characteristics with its Dirac point shifted up to —80 V
and an enhanced electron mobility with doping. Most interestingly, an extended stability of the
device without rapid degradation after doping was observed when it was exposed to ambient air for
several days, which is not usually observed in other n-type doping methods in graphene. Density
functional theory calculations were also employed to explain the observed unique n-type doping
characteristics of graphene using TiOx thin films. The technique of using an “active” encapsulated
layer with controllable and substantial electron doping on graphene provides a new route to
modulate electronic transport behavior of graphene and has considerable potential for the future
development of air-stable and large-area graphene-based nanoelectronics.
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Figure 1. (a) Schematic representation of a graphene tran-
sistor covered with a TiOx thin layer using spin-coating. A
brief flowchart of the steps involved in the preparations of
the TiOx layer is also shown. (b) Photographic images of the
TiOx sol—gel precursor solutions with concentrations of
125 mg/mL (original), diluted solutions of 20 and 10 mg/mL,
respectively (from left to right).

demonstrated an n-type graphene field effect transis-
tor on SiO,/Si substrate under a very high vacuum
condition (up to 5 x 1077 Torr) by removing the
residual gaseous molecules. However, these n-type
graphene devices have very limited thermal and che-
mical stabilities and are usually sensitive to the influence
of ambient environment. This study demonstrated an
innovative approach to fabricate n-type graphene tran-
sistors with enhanced electron mobilities and also ex-
tended air stability by using self-encapsulated doping
layers of titanium suboxide (TiOx) thin films, which are
an amorphous phase of crystalline TiO, and can be
solution processed.?® The simultaneous doping and
encapsulation layers of TiOx thin films on the graphene
transistors results in substantial n-type doping of gra-
phene with enhanced electron mobilities and also pre-
vents the rapid degradation of devices influenced by the
surrounding environment. The use of a solution-
processable “active” encapsulated layer with controlla-
ble and substantial doping on graphene has a consider-
able potential to develop air-stable and large-area
graphene-based electronic devices. The first-principles
calculations based on density functional theory (DFT)
calculations were also employed to investigate inter-
facial charge transfer, which explains the observed
unique n-type doping characteristics of graphene using
TiOx thin films.

RESULTS AND DISCUSSION

Figure 1a shows the schematic representation of the
device structure of a graphene transistor covered with
a TiOx thin layer using spin-coating. The precursor was
converted to a TiOx thin film by hydrolysis when the
TiOx precursor solution was spin-cast on top of the
graphene layer and heated to 80 °C to dry the residual
solvent in a glovebox for 10 min. The as-synthesized TiOx
film was amorphous and transparent with an energy gap
of approximately 3.91 eV (see Supporting Information)
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Figure 2. (a) XPS spectra of C1s peaks of graphene covered
by TiOx thin layers resulting from various concentrations.
(b) Raman spectroscopy measurement of graphene without
and with coating of TiOx thin layers. The excitation wave-
length was 633 nm.

and was used as an effective electron-transporting layer
and an optical spacer to enhance the efficiencies of
polymer photovoltaics.’**” As revealed by the analysis
of X-ray photoelectron spectroscopy (XPS) (see Support-
ing Information), an oxygen deficiency with a Ti/O ratio of
1:1.59 at the surface of the TiOx thin film was observed
where the oxygen vacancies are usually formed during
hydrolysis and condensation processes.® The sol—gel
TiOx solutions with various concentrations (Figure 1b)
were spin-coated on top of graphene transistors, fol-
lowed by hydrolysis processes to form the doping layers.

We first used the Hall measurement to determine
the carrier types of various graphene devices deposited
on SiO,/Si substrates (see Supporting Information). The
pristine graphene device had p-type transporting car-
riers, which are mainly attributed to doping by ad-
sorbate molecules on the SiO,/Si substrates®® when
exposed to humidity and/or oxygen.'®'" The carriers
of devices immediately changed to n-type transporting
carriers when the graphene devices were covered by
TiOx thin films. Figure 2a shows the representative XPS
spectra of Cls peaks of graphene with and without
coating of TiOx thin layers. The binding energy of the
Cl1s peak of the pristine graphene corresponding to
pure sp>-hybridized states was centered at 2845 +
0.05 eV. A gradual shift of C1s peaks toward higher bind-
ing energies with increased TiOx concentrations was
observed after deposition of TiOx capping layers. The
C1s peak shifted by approximately 0.75 eV at a concen-
tration of 20 mg/mL of the TiOx capping layer. Further
increase in the concentrations of the TiOx layers does
not cause a further shift of C1s peaks but broadens their
bandwidths. The observed energy shift may be ex-
plained by n-type doping of graphene upon TiOx
deposition because of electron transfer at the TiOx/
graphene interface, which moves the Fermi level toward
oreven higher than the Dirac point of graphene.'®"” The
n-type doping characteristics of graphene are further
supported by the Raman spectroscopy measurement, as
shown in Figure 2b. The 2D bands of graphene devices
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Figure 3. Gate-dependent conductivity (o) of pristine gra-
phene and graphene devices covered by TiOx thin films
spin-coated from two different concentrations of 10 and
20 mg/mL. All of these devices were measured at a vacuum
condition of 10 * Torr.

covered by TiOx thin layers shifted down from
2644 cm™' (pristine) to 2634 cm™' (10 mg/mL) and
2632 cm™' (20 mg/mL), due to the effect of the Fermi
level shift on the phonon frequencies as a result of
electron doping of graphene.? The intensity ratios of
the I(2D)/I(G) also decreased with increased concentra-
tions of TiOx thin layers. In addition, a decrease in the full
width at half-maximum (fwhm) values of the G peaks
from 18 cm ™" (pristine) to 16 cm™' (10 mg/mL) and
15 cm™'(20 mg/mL) occurred in conjunction with an
increase in the fwhm values of the 2D peaks from
30 cm™ (pristine) to 36 cm ™' (10 mg/mL) and 38 cm™ -
(20 mg/mL). All of these Raman spectroscopy results that
the G peak stiffens and sharpens, the 2D peak shows a
downshift, and the intensity ratio of the G and 2D peaks
decreases are consistent with those observed in typical
electron doping of graphene.?**° In addition, the D band
intensities in the graphene devices covered by TiOx thin
films were almost negligible, suggesting that this type of
doping mainly occurs through surface charge transfer
doping at TiOx/graphene interfaces and does not cause a
substantial distortion of the local carbon lattices, as
observed in covalently functionalizational”'*'* or
substitutional’* "7 doping of graphene, in which an
enhanced D band intensity with increased disorder after
doping is usually observed.'*~'>'7

Figure 3 shows the gate-dependent conductivity (o)
of graphene transistor devices covered by TiOx thin
films spin-coated from two different concentrations of
10 and 20 mg/mL. Electron and hole mobilities were
extracted by measuring the slopes of the conductivity
curves away from the Dirac points. For comparison, the
pristine graphene transistor deposited on SiO,/Si was
also fabricated and exhibited typical p-type transport-
ing behavior. After depositing TiOx thin films on the
graphene devices, the Dirac points shifted toward
negative gate voltages, representing typical n-type
transport behavior as a result of TiOx thin films donat-
ing electrons to graphene. A clear trend toward a
negative shift of the Dirac gate voltage was observed
as the concentrations of the TiOx sol—gel solutions
spin-coated on the graphene devices increased. The
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Dirac points for the graphene transistors with and
without coating of TiOx thin layers were +10 V
(pristine) and —41 V (10 mg/mL) and —76 V (20 mg/
mL), and the corresponding carrier concentrations as
estimated by n = —a(Vy—Vg), with =72 x 10'°cm ™
V! (based on calculated capacitance values at zero
gate bias), were +7.2 x 10" cm ™2 (pristine), —2.95 x
102 cm ™2 (10 mg/mL),and —5.47 x 10'>cm 2 (20 mg/
mL). The hole mobilities of devices decreased with
increased concentrations of TiOx thin layers from
2914 cm? V7' s71 (pristine) to 1513 cm? V' 57!
(10mg/mL) and 1230cm?V ' s~ ' (20 mg/mL). By contrast,
no decline in electron mobilities was observed after
depositing TiOx thin layers on graphene, and the
electron mobilities of these samples increased from
1056 cm? V™' s (pristine) to 1955 cm? V™' s
(10mg/mL) and 2212 cm?V~" s (20 mg/mL). The similar
asymmetric effects on electron and hole conduction of
graphene after doping was also observed in the mo-
lecular doping of graphene, which was mainly caused
by the neutrality point misalignment at the electrode/
channel interface.® The enhanced electron mobilities
of graphene covered by TiOx thin films with doping
differed considerably from those obtained in the nitro-
gen substitutional doping of graphene, in which elec-
tron mobilities decreased after doping.'*'” As shown
in the Raman spectra in Figure 2b, a negligible D band
signal was observed in the n-type doping of graphene
covered by a TiOx thin layer, indicating that the
scattering probability from the local defects and im-
purities of graphene introduced by the covalently
bonded dopants may be substantially diminished in
the surface charge transfer doping. In addition, di-
electric screening may be another important factor to
explain the enhanced electron mobility of graphene
covered by a TiOx thin layer. It has been reported that
the carrier mobilities of graphene on the SiO, substrate
are substantially enhanced when the dielectric con-
stants of top media increase,®’*? which may minimize
the charged impurity-induced long-range Coulomb
scattering through dielectric screening. Therefore, the
mobility limited by long-range impurity scattering
increases by reducing the interaction of electrons with
charged impurities because of the increased back-
ground dielectric. The TiOx thin film, which has a high
dielectric constant of approximately 70—120,** may
effectively reduce the scattering probability originat-
ing from the charge impurities through dielectric
screening, which may explain the enhanced electron
mobilities of graphene with TiOx doping. A more
detailed investigation of the scattering mechanism of
graphene covered by a TiOx thin layer is currently
underway.

In addition to the top doping, we also investigated
the bottom doping effect of graphene from substrate.
Figure 4a shows the schematic device structure of
graphene deposited on top of a precoated TiOx thin
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Figure 4. (a) Schematic device structure of graphene deposited on top of a precoated TiOx thin film (10 nm) on the SiO,/Si
substrate. (b) Work function mapping images of graphene deposited on top of a TiOx/SiO,/Si (top) and SiO,/Si substrate
(bottom). (c) XRD patterns of amorphous TiOx and crystalline TiO, thin films. (d) Transport characteristic curves of graphene
deposited on two different substrates of TiOx/SiO,/Si and TiO,/SiO,/Si. The curve of graphene on SiO,/Si is also shown as a
reference. All of these devices were measured at a vacuum condition of 10~ Torr.

film (10 nm) on SiO,/Si substrate. Figure 4b shows the
work function mapping images of graphene deposited
on top of TiOx/SiO,/Si and SiO,/Si substrates revealed
by a Kelvin probe microscope. The Fermi levels of
graphene moved from the original ~4.68 eV on the
SiO,/Si substrate (bottom) to ~4.33 eV on the TiOx/
Si0,/Si substrate (top), indicating n-type doping®* with
electrons transferring from the TiOx substrate to gra-
phene. The TiOx layer was deposited at room tempera-
ture and treated at 80 °C, which is far below the
crystallization temperatures to the anatase or rutile
phases of TiO, with a T. >450 °C. We also investigated
the doping characteristics of graphene on top of
amorphous TiOx and crystalline TiO, thin films.
Figure 4c shows the X-ray diffraction patterns of amor-
phous TiOx and crystalline TiO, after calcination at
500 °C, which shows a typical signature of the TiO,
anatase phase. Similar to the graphene transistor
capped by a TiOx thin layer, a typical n-type transport
characteristic curve of graphene deposited on top of a
precoated TiOx substrate was also observed, as shown
in Figure 4d, with the Dirac point at approximately
—21 V and hole and electron mobilities of 2185 and
1387 cm? V™' 577, respectively. By contrast, the device
of graphene deposited on top of the TiO, substrate
after calcination exhibits the Dirac point at +8 V and
hole and electron mobilities of 2534 and 1099 cm?V~"s~ ',
respectively. The transport behavior of graphene de-
posited on top of the TiO,/SiO, substrate is quite
similar to that of the pristine graphene device on
the SiO, substrate, indicating that the amorphous
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TiOx thin film has a much stronger n-type doping
effect on graphene compared to the crystalline TiO,
counterpart.

To further verify the doping mechanism of graphene
by a TiOx thin layer, we performed density functional
theory (DFT) calculations to examine the charge trans-
fer between graphene and two Ti-rich or O-rich sur-
faces of a TiO, crystal, as shown in Figure 5a,b,
respectively. The magnitude of charge transfer in
Figure 5b was magnified 10 times to obtain a clear
comparison. Substantial electron transfer from Ti
atoms to carbon atoms occurred at the interface
between graphene and a Ti-rich TiO, surface, resulting
in an increased electron density on the graphene
surface with a shorter distance of approximately
2.3 A between graphene and the Ti-rich surface. By con-
trast, a slight charge transfer between oxygen and
carbon atoms at the interface of graphene and the
O-rich TiO, surface (slight p-doping) caused larger
separation of approximately 3 A between two surfaces.
Because a TiOx thin film has inherent oxygen defi-
ciency, electron transfer is expected to occur from the
TiOx thin film to graphene at their interfaces, resulting
in n-type doping. This effect will be largely reduced
when the TiOx thin film is transferred into the TiO, thin
film. The result is also consistent with the recent
reported substantial n-type doping of graphene by
depositing a submonolayer of metallic Ti using a
molecular beam epitaxy system; however, the
effect of charge transfer was considerably reduced
when the Ti was converted to TiO,.2' Therefore, the
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Figure 5. Density functional theory (DFT) calculations of charge transfer between graphene and (a) Ti-rich or (b) O-rich
surfaces of a TiO, crystal. The red and blue parts indicate gain and loss of electron densities, respectively. The magnitude of

charge transfer in (b) was magnified by 10 times.
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Figure 6. (a) Device structure consisting of both top and
bottom coverage of TiOx thin layers on a graphene transis-
tor. (b) Gate-dependent conductivity curves of the gra-
phene transistor device consisting of both top and
bottom coverage of a TiOx thin layer as they are exposed
in air for 5 and 10 days. All of these measurements were
performed in ambient air. The average humidity in labora-
tory environment during the measurement period was
around 70%. (c) Measured contact angles of a typical
SiO,/Si substrate and a TiOx/SiO,/Si substrate were 7 and
76°, respectively.

nonstoichiometric TiOx thin films, which consist of a
large number of oxygen vacancies, act as a stable
electron-donating material of graphene made from
solution processes.

We thus proposed a device structure consisting of
both top and bottom coverage of TiOx thin layers on a
graphene transistor, as shown in Figure 6a, where the
concentration of the TiOx solution used for spin-
coating was 20 mg/mL. It was found that the graphene
device sandwiched by both sides of TiOx thin layers has
the Dirac voltage at —80 V, and the electron mobility
was largely enhanced with a value of 3430 cm?V~"'s™".
In addition, we found that this device consisting of
both top- and bottom-covered TiOx doping layers
exhibited similar mobility values when it was measured
in ambient air or in a vacuum condition. To further test
the stability of the device when it was exposed to
ambient air, we kept the device in the laboratory
environment for 5 and 10 days and also measured its
current—voltage characteristics in the ambient air, as
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shown in Figure 6b. The device exhibited no substan-
tial degradation after 5 days of exposure in the ambient
condition with only a small shift of the Dirac voltage
(from —80 to —78 V) and the electron mobility of
approximately 3343 cm? V' s, After 10 days of
exposure in ambient air, the device showed a Dirac
voltage of —62 V with the electron mobility of approxi-
mately 2790 cm? V™' s™'. This result of extended
stability of graphene was not commonly seen in many
other graphene transistors because they were usually
very sensitive to the influence by the surrounding
environment. We found that it was necessary to cover
both sides of the graphene by TiOx thin films to obtain
good encapsulation because the Dirac voltage of the
device covered with only the top TiOx layer exhibited a
large shift from —76 to —51 V after 3 days of exposure
in air (see Supporting Information). It is well-known
that the SiO, substrate is hydrophilic because of the
dangling bonds of the Si and SiOH groups on the
surface, which may attract the polar molecules (e.g.,
water), resulting in a typical p-type doping of
graphene.'®? The contact angles of the bare SiO,/Si
substrate and the TiOx/SiO,/Si substrate were 7 and
76°, respectively, as shown in Figure 6c. Because the
TiOx thin film after hydrolysis demonstrated a more
hydrophobic surface property,?® this may effectively
reduce the influence of water molecules on the sub-
strate. The adsorbate molecules through attachment
on the SiO, substrate surface may cause instability and
degradation of the device without the insertion of
the bottom TiOx layer. Therefore, an n-type graphene
transistor with extended air stability and enhanced
electron mobility can be achieved in conjunction with
both top- and bottom-encapsulated doping layers of
TiOx thin films.

CONCLUSIONS

In summary, we demonstrated a controllable n-type
graphene transistor with extended air stability by using
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solution-processable TiOx thin films, which have both
functions of doping and encapsulation simultaneously.
Further development in the fabrication of pn junctions

EXPERIMENTAL SECTION

Synthesis of TiOx. TiOx was synthesized via sol—gel®® proce-
dures as follows: 2-methoxyethanol (CH3;OCH,CH,OH, Acros,
99+%) and ethanolamine (H,NCH,CH,OH, Acros, 99%) were
first mixed in a three-necked flask, and titanium(lV) isoprop-
oxide (TiI[OCH(CHs),l4, Acros, 98+%) was thus injected after
stirring for 10 min. The temperature was then raised to 80 °C
and kept for 2 h, followed by heating to 120 °C for 1 h. The
heating cycle was repeated until the orange color appeared.
The original concentration of as-synthesized TiOx gel was
125 mg/mL. The precursor solutions with various concentrations
were prepared by mixing with n-butanol (CHs;CH,CH,CH,OH,
Acros, 99%) to form the diluted solutions.

Preparations of Graphene. Chemical vapor deposition (CVD)
was used for the growth of graphene on copper foil3> A
polycrystalline Cu foil (purchased from Nilaco Inc.) was placed
on a hot wall furnace consisting of a 1.5 in. fused silica tube. The
furnace was then heated to 950 °C. Typically, a reduction
process was conducted in H, flow for ~30 min prior to the
introduction of CH,;. With H, flow, CH, was then introduced
for graphene growth with a flow rate of 10/50 sccm H,/CH, for
10 min. After a growth time of 15 min, CH, was then shut off and
the system was cooled in H; or Ar flow to reach room tempera-
ture. The entire procedures were conducted at low pressure
(typically ~500 mTorr during the growth stage).

Fabrications of Graphene Transistors Covered with TiOx. Silicon
dioxide (SiO,) thin films with a thickness of 300 nm deposited
on heavily doped silicon wafers with a capacitance of 10.8 nF cm™2
were used in all of the device fabrications. For the transfer of
graphene, we used the roll-to-roll production method to transfer
the graphene films on top of SiO,/Si substrates. The source and
drain electrodes (Au/Cr) were fabricated by utilizing thermal
evaporation through a shadow mask with a channel length of
100 um and a channel width of 1200 um. The sol—gel TiOx
solutions with different concentrations were thus spin-coated on
top of graphene transistors followed by hydrolysis processes to
form the self-encapsulated doping layers. For the fabrication of a
graphene transistor with bottom doping, a precoated TiOx thin
layer with a thickness of 10 nm was deposited on top of the SiO,/
Si substrate. Afterward, the depositions of graphene and source—
drain electrodes were fabricated with the similar procedures.

Measurements and Characterizations. X-ray photoemission spec-
troscopy (XPS) spectra were obtained using a VG Scientific
ESCALAB 250 system. X-ray source was generated from the Al
target (1486.8 eV) with a pass energy of 20 eV, and the take-off
angle for the collection of photoelectrons was 90° from the surface
normal. Hall measurement was performed on the whole area of
the graphene device by using an ECOPIA HMS-3000 system. The
XRD measurement was performed by Bruker D8 tools advance,
operating with Cu Kot radiation (4 = 1.5406 A) generated at 40 keV
and 40 mA. The Raman measurement was conducted using a
633 nm He—Ne laser as an excitation source and recorded by a
HORIBA iHR 550 spectrometer equipped with a Symphony CCD
detector. Contact angles of Milli-Q ultrapure water droplets (Milli-Q,
p > 18 MQ-cm, Millipore) were measured by a contact angle
goniometer (Sindatek Model 100SB) at ambient condition. All
measured contact angles were advancing angles. The work func-
tion mapping images of graphene were determined by using
scanning Kelvin probe microscopy (SKPM) (Innova, Vecco Inc.).
Cyclic voltammetry (CV) experiments were performed in a three-
electrode electrochemical cell by using an Autolab PGSTAT302N
potentiostat/galvanostat. The gate-dependent conductivities of
the films were measured with a probe station at room temperature
under a vacuum condition of 10™* Torr or in ambient condition.
The details of density functional calculations to investigate charge
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of graphene devices using self-encapsulated doping
layers offers considerable potential for the develop-
ment of graphene-based integrated circuits.

transfer and electronic structures at graphene/TiOx interface are
described in the Supporting Information.
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