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raphene-based nanoelectronic de-
G vices are of great interest because

the active channel can be scaled lit-
erally down to a single crystalline sheet of
sp?-bonded carbon. Such devices can ex-
hibit ultrahigh carrier mobility and long-
range ballistic transport.'? Currently, the
“Scotch tape” peeling method used for pro-
ducing graphene layers from graphite is
not compatible with industrial production.
The search is on for a high-yield production
route toward high-purity, large-sized
graphene sheets which can be deposited
as a uniform film on substrate. Reported
production methods are quite varied and
range from the chemical and thermal reduc-
tion of graphite oxide,** liquid-phase inter-
calation and exfoliation of graphite,5~1°
and epitaxial growth''2 to chemical vapor
deposition.’® Of these, solution-processed
graphene sheets offer low-cost and high-
throughput for printable device fabrication
on flexible substrates. The most commonly
used Hummer’s method produces aqueous
solution of graphene oxide sheets, which
are used as precursors to generate mildly
conducting graphene films. However, the
harsh oxidation method results in small-
sized insulating graphene oxide sheets with
widths in the submicrometer range. For
ease of device fabrication, it is desirable to
synthesize graphene sheets with a lateral
size larger than 20 um.>'* Several research-
ers have demonstrated exfoliation and in-
tercalation of graphite to produce mono-
layer graphene sheets.'° However, these
methods suffer from low yield (~1%) of
monolayer sheets and sometimes involve
the use of hazardous exfoliating or reduc-
ing agents such as oleum® and hydrazine.**
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ABSTRACT We report a high-throughput method of generating graphene monolayer (>90% yield) from
weakly oxidized, poorly dispersed graphite oxide (GO) aggregates. These large-sized GO aggregates consist of
multilayer graphite flakes which are oxidized on the outer layers, while the inner layers consist of pristine or mildly
oxidized graphene sheets. Intercalation—exfoliation of these GO aggregates by tetrabutylammonium cations
yields large-sized conductive graphene sheets (mean sheet area of 330 = 10 p.m?) with high monolayer yield.
Thin-film field-effect transistors made from these graphene sheets exhibit high mobility upon nullifying Coulomb
scattering by ionic screening. lonic screening versus chemical doping effects of different ions such as chloride and
fluoride on these graphene films were investigated with a combination of in situ Raman spectroscopy and
transport measurement.
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Hence, a solution-phase method which can
achieve high monolayer yield of large-sized
conductive graphene sheets under mild
conditions is highly desirable.

In this report, we present an efficient
and highly reproducible one-step intercala-
tion and exfoliation method to produce
large-sized, conductive graphene sheets
without the use of surfactants. By remov-
ing the ultrasonication step completely, we
are able to obtain large-sized exfoliated
graphene sheets (with lateral dimension
>20 wm) without sacrificing the high yield
of monolayer sheets. The principle of the
method is based on the rich intercalation
chemistry of graphite oxide (GO).">'® Large
amounts of GO sediments are formed after
a brief oxidation of natural graphite by apply-
ing the modified Hummer's method (see
Methods). These sediments consist of weakly
oxidized graphite which cannot be dispersed
well in aqueous solution due to their hydro-
phobic nature and large size. Our hypothesis
is that these large-sized GO aggregates con-
sist of multilayer graphite flakes which are
oxidized on the outer layers, while the inner
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Modified
Hummer’s
oxidation of

natural graphite

The color change of the reac-
tion mixture as the GO sediments
were intercalated by TBA over time
is shown in Figure 2. Although no
chemical reducing agent was used,
the intercalation and exfoliation
caused the color of the dispersion

Mildly oxidized
graphene
sheets in DMF

RN o to change from pale-yellow to
pinding N dark-brown and, finally, black. The
Intercalation black dispersion is consistent with
N — of TBAvia an overall increase in the UV and
large graphite eft‘t’::::it:rt‘ic visible absorption region, due to
3::':::::; — the presence of extended
graphite interaction m-conjugated structure.* The prod-
ucts are hydrophobic but can be
dispersed to form a homogeneous
TR suspension in either N,N-

Figure 1. Schematic representation of intercalation of tetrabutylammonium ions in large graphite
oxide sediments and unreacted graphite particles to obtain mildly oxidized graphene single sheets
in DMF. These exfoliated graphene sheets were deposited onto SiO,/Si substrate to form thin-film
field-effect transistor (FET). Effect of ionic screening and chemical doping effect of NaF and KCI

were investigated with electrical transport and in situ Raman measurements.

layers consist of pristine or mildly oxidized graphene
sheets with oxygen functionalities decorated at the pe-
riphery. These aggregated GO sediments were usually dis-
carded by researchers, but here we collected these mildly
oxidized GO sediments for further processing with the
aim of uncovering the inner pristine or mildly oxidized
graphene sheets by performing intercalation—exfoliation
chemistry.

RESULTS AND DISCUSSION

Reaction Monitoring of Intercalation—Exfoliation of Graphite
Oxide. Figure 1 shows the schematic representation of
the intercalation—exfoliation process. The GO sedi-
ments collected after centrifugation were intercalated
with tetrabutylammonium hydroxide (TBA, 40% in wa-
ter) under reflux conditions and heated at 80 °C for over
2 days. The quality of exfoliated graphene sheets was
determined by UV—vis spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), and electrical conductivity
measurements.
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1. Exfoliated graphene sheets
spin-coated onto substrate

2. Transport and in situ Raman
measurements

dimethylformamide (DMF) or chlo-
roform after a brief vortex (Figure
2b)."” The formation of stable dis-
persion allows the reaction to be
monitored by UV—visble absorp-
tion spectroscopy. As shown in Fig-
ure 2¢, the GO sediments displayed
an absorption maximum at 231
nm which is due to the m — 7*
transition of aromatic C=C bonds
and a shoulder at ~290—300 nm
which corresponds to the n — w*
transition of the (=0 bond."® As
the reaction proceeded, the m —
* ((=C) absorption peak at 231
nm displays a gradual bathochro-
mic shift to 253 nm while the
shoulder at ~300 nm for n — =¥
(C=0) absorption peak decreases
in intensity. The overall absorption in the whole spec-
tral region increases with reaction time. These changes
are comparable to hydrazine reduction of GO, in which
a bathochromic shift of 231 nm absorption peak and an
increase in background absorbance suggest the resto-
ration of a -conjugated network within the reduced
graphene sheets.* We suggest that the increased absor-
bance is due to the exfoliation of pristine graphene
sheets in the interior of the large-sized GO sediments.
The reaction mechanism during the intercalation
and exfoliation was further investigated by X-ray photo-
electron spectroscopy (XPS). As shown in Figure 2d,
the percentage of C—C bonds increases from 55% af-
ter 1 h to 81% after 2 days. The increase in the C—C
component and corresponding decrease in C—0
(epoxide, ether, and hydroxyl groups) and C==0 (carbo-
nyl and carboxyl) components with reaction time indi-
cate the generation of large domains of m-conjugated
structures. By comparing the relative peak heights of
the C—0 versus C—C peak, we conclude that these TBA-
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intercalated graphene sheets
have a smaller percentages of
nonstoichiometric (10% oxi-
dized C) oxidized G compared
to GO obtained by the modi-
fied Hummer's method."

The chemical exfoliation of
the large GO sediments is in-
herently selective. The outer
layers of highly oxidized
graphene sheets with a larger
proportion of oxygen func-
tionalities will be exfoliated
first due to greater interlayer
distance and weaker van der
Waals interactions, which af-
ford greater ease of TBA
insertion.'>'6 This is followed
by exfoliation of the less oxi-
dized inner sheets in which
the oxygen functionalities are
situated mainly at the
graphene edge planes. Due
to different solubilities, the
highly oxidized graphene
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Figure 2. Reaction monitoring of TBA intercalation in large graphite oxide particles. (a) Color change of

reaction mixture in DMF monitored over 2 days. Suspension was centrifuged at 10 000 rpm for 10 min to
remove unreacted particles. (b) Precipitation of relatively hydrophobic mildly oxidized graphene sheets
in deionized water after reaction for 1 day (left) and 2 days (center) and redispersion in DMF (right). (c)
UV—vis absorption spectra of GO dispersions as reaction proceeded for over 2 days. (d) C 1s XPS spec-
tra of GO dispersion with reaction time show gradual increase in the C—C bonding component from 50 to
80%.

sheets (yellow-brown in color)

could be separated from the less oxidized graphene
sheets by centrifugation (1500 rpm for 30 min) (see

Methods). Subsequent purification
resulted in a homogeneous black
dispersion of mildly oxidized
graphene sheets (Figure 2b).

After spin-coating on substrate, a
good monolayer yield of ~90% can
be obtained from our graphene dis-
persions with a mean sheet area of
330 = 10 wm?, as can be seen in the
optical micrograph and atomic force
microscope topography study in Fig-
ure 3. The average topographical
height obtained using AFM was
~0.93 nm, which is comparable to
the reported height of graphene
sheets possessing residual oxygen
functionalities (Figure 3b—d)3*6 A
good indicator of the presence and
effective restoration of mr-conjugated
domains on graphene sheet is elec-
trical conductivity. Unlike the GO pre-
pared by Hummer’s method, which
is electrically insulating, the
graphene sheets produced directly
by this intercalation—exfoliation
method exhibit appreciable conduc-
tivity. Single-sheet graphene FET de-
vices fabricated using these
graphene sheets displayed an aver-

www.acsnano.org

age sheet conductivity of 2 = 1 S/m prior to thermal re-
duction. These mildly oxidized graphene sheets were
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Figure 3. Optical micrograph and tapping mode AFM characterization of exfoliated mildly oxi-
dized graphene sheet. (a) Optical image of large-sized mildly oxidized graphene sheets. (b) Size dis-
tribution of single-layer graphene sheets (total counts = 1435) with mean sheet area of 330 = 10
pm?. Inset shows a good spread of monolayer graphene sheets with some overlapping regions;
scale bar is 50 pum. The total number of sheets counted was ~1600, of which 1435 sheets were
single-layer. (c) Tapping mode AFM image of a single sheet of mildly oxidized graphene sheet. (d)
Topographical height for mildly oxidized graphene sheet is ~0.93 nm, which is larger than reduced
graphene sheet due to the presence of protruding oxygen functionalities.
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rent. The gate leakage current for all of our de-
vices is limited to 300 pA. The graphene films
produced here show a conductivity of ~15 000
S/m and hole and electron mobilities of 59 and
17 cm?/(V - 5), respectively (Figure 4b). When the
channel length is increased to 100 pm, carrier
mobilities are reduced by ~4—5 times, thus sug-
gesting that sheet-to-sheet junction is one of
the limiting factors for carrier mobilities (see Sup-
porting Information, S5).

lonic Screening Effect on Graphene Transistor
Performance. Charge carrier mobility is one of the

Figure 4. Characterization of graphene film thickness and morphology. (a) Tapping
mode AFM characterization of graphene film with film thickness ~ 3 nm prior to an-
nealing. (b) 00—V, characteristics of thin graphene film (approximately 1—4 layers)
with sheet conductivity of 15 000 S/m and hole and electron mobility of 59 and 17
cm?/(V - s), respectively. Inset shows two-point probe configuration of thin-film
graphene-based field-effect transistor (FET) with PMMA insulation of contacts and
active channel area exposed by electron beam lithography. Channel length and

width is 29.3 and 37.8 pm, respectively.

!

thermally reduced by annealing at 1000 °C to restore its
w-conjugated structure. After reduction, a high C—C per-
centage of 92% is achieved as judged from the C 1s peak
profile in XPS (Figure 2d).2 Furthermore, the disappear-
ance of the N 1s peak, which is indicative of the presence
of organic ammonium groups in TBA cations, suggests
the effective removal of TBA cations by thermal anneal-
ing (see Supporting Information, S2). Upon thermal an-
nealing at 1000 °C, sheet conductivity increases to ~3210
S/m (see Supporting Information, S3).

Characterization of Thin Graphene Film Field-Effect Transistor.
The ability to form uniform large-area conductive
graphene film exhibiting high field-effect transistor mo-
bility is needed for application in electronics. The mildly
oxidized graphene sheets are poorly dispersed in
deionized water. Dispersion of these graphene sheets
in DMF gives the most stable colloidal suspension. The
high boiling point of DMF (153 °C) necessitates a pre-
heating of the SiO,/Si substrate to 350 °C before spin-
coating.?’ By using an optimal concentration of 0.5
mg/mL and spin-coating speed of 3000 rpm, a reason-
ably uniform graphene film could be formed on the
SiO,/Si substrate. The number of graphene layers was
accurately determined using tapping mode AFM,
Raman and optical contrast spectroscopy to eliminate
any instrument offset problem. Figure 4a shows that
the spin-coated graphene film consisted of a majority
2 to 3 layers of graphene sheets with thickness of ~3
nm (individual sheet height is ~0.93 nm) prior to heat-
ing. After thermal annealing, graphene film thickness
was reduced to ~1.5 nm, verified using Raman and op-
tical contrast spectroscopy (see Supporting Informa-
tion, S4).2!

The electronic properties of the graphene films
were measured using a two-probe configuration. The
areas surrounding the graphene active channel were
etched by oxygen plasma to reduce gate leakage cur-
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most important issues in transistor performance.
Therefore, the factors which limit the FET carrier
mobility in our intercalation—exfoliation
graphene sheets, other than sheet-to-sheet junc-
tion, are investigated here. The asymmetric “V”
shape of the drain—source current (or conductiv-
ity) versus gate voltage plot, which characterizes
such samples, reflects the presence of charged
impurities which impart p-type electrical characteris-
tics to these films. These charged impurities originate
from trapped charges in the oxide layer or at the
graphene—oxide interface.?? Negatively charged impu-
rities and Si—O~ groups have been found to dope
single-layer graphene? and organic thin-film transis-
tors.2 This effect is especially deleterious at the Dirac
point (which defines the threshold voltage) since the
screening is weak due to lower carrier concentration.
Chen et al. demonstrated that long-range scattering
due to charged impurities could be reduced by dielec-
tric screening via ionic solutions®>2® or high dielectric
constant liquids on mechanically cleaved graphene.?”
Mobility enhancement of over 1 order of magnitude
was observed for all of their devices as the concentra-
tion of ionic solution or dielectric constant of liquids in-
creased. Du et al. showed that suspended graphene
could reach a high mobility of 200 000 cm?/(V - s) at low
temperature when carrier density was reduced to ~10°
cm 228 |t is not known what are the main factors re-
stricting the carrier mobility in chemically processed
graphene below the 1000 cm?/(V - s) range. A multitude
of factors such as impurity doping, presence of struc-
tural defects and scattering centers, and sheet-to-sheet
junctions may be limiting. To investigate if ionic screen-
ing could improve the carrier mobility, we performed
back-gating via SiO, in the presence of NaF or KCl elec-
trolyte on top of the channel. It is anticipated that an-
ions such as F~ and CI~ will show different adsorption
behavior on the graphene surface.? The driving force
for ion adsorption on a hydrophobic surface such as
graphene arises from favorable interactions between
the charge density oscillations of structured water at
the interface and the permanent and induced dipoles
of the molecular ions. Polarizable ions such as CI~ are
well-known to exhibit specific adsorption on a wide
range of surfaces and can approach the graphene sur-
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suggests either a doping effect
which increases carrier concentra-
tion or an ionic screening effect
which improves the carrier mobil-
ity. A parallel study with in situ
Raman spectroscopy (discussed
later) indicates that the carrier con-
centration in the graphene film has, in fact, decreased
with increasing ionic strength of the solution. This sug-
gests that the sharp increase in conductivity arises mainly
from the effects of dielectric screening of impurity dop-
ing. Another evidence, which echoes this trend, is the pro-
gressive shift of the gate voltage at the minimum conduc-
tivity (Vgmin) (also known as threshold voltage) toward
zero gate voltage as the concentration of NaF increases,
and this is accompanied by a sharpening of the o—V,
slope. This shift in V,min can be used to calculate the
change in doping concentration. The application of gate
voltage (V) across 285 nm of SiO, creates an electrostatic
potential difference (¢) between graphene and SiO, back
gate. For back gate, V; ~ ¢ = ne/Cy, where nis the car-
rier concentration in units of cm ™2, e is elementary charge,
and Cj is the geometrical capacitance.*® Therefore, we
can estimate the excess or depletion of hole (electron)
concentration by Vg — Vgmin = ne/Cg, in which a nega-
tive (positive) Vg — Vgmin induces holes (electrons). Tak-
ing Vy = 0V to be the reference point for undoped
graphene, a negative shift of Vg mi, from positive voltage
toward zero voltage indicates a decreasing hole concen-
tration (smaller [Vg — Vgmin| value). Therefore, on the ba-
sis of the transport measurements taken at V; = 0V, the
hole carrier density in graphene decreased from 1.5 X
102 cm~2in dry conditions to 2.8 X 10" cm~2in 1 M NaF,
which is comparable to the estimated sheet carrier den-
sity in suspended graphene.?' In addition, on the basis of
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Figure 5. lonic screening effect of NaF ionic solution. (a) Transfer characteristics of a thin-film
graphene-based device in different NaF concentration. V4 is kept constant at 10 mV. Inset shows mo-
bility (indicated by the slope of o—V, curve) increases with NaF concentration, which is indicative
of effective ionic screening of charged impurities on SiO, substrate. (b) Raman spectra show G-mode
response fitted with Lorentzian component of the Voigt profile in different NaF concentrations. (c)
G peak down-shifted by ~8 cm™", and line width increased by ~12 cm™". (d) Hole carrier concentra-
tion decreases from 1.5 X 10'> cm~2 in dry conditions to 2.8 X 10" cm~2in 1 M NaF.

the change in the slope of the o—Vj plot, an increase in
hole mobility from 59 to 460 cm?/(V - s) and increase in
electron mobility from 17 to 310 cm?/(V - s) can be esti-
mated. There is also an apparent reduction in the asym-
metry of the =V curve for holes versus electrons and an
increase in the l,n/lyx ratio from 1.5 to 10.

The decrease in the concentration of impurity
dopants in the graphene when the ionic strength of
the NaF gating electrolyte was varied systematically was
verified using in situ Raman spectroscopy. The position
of the G peak and its line width (full width at half-
maximum) are highly sensitive to changes in carrier
concentration; the G peak up-shifts, and its line width
decreases for both holes and electron doping. The line
width of the G peak is proportional to the statistical
availability for electron—hole pair generation at the G
peak energy. This can be expressed in this equation:*?

—hog

%)

F
hog

()

where AT corresponds to the maximum phonon broad-
ening from electron—hole pair generation, fr is the
Fermi—Dirac distribution at temperature T, E; is the
Fermi energy with respect to the Dirac point in
graphene, I'y is the line width contribution from
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the G- and 2D-mode responses
G indicate a gradual decrease in
substrate-induced holes in
graphene with increasing NaF
concentration, as shown in the
plot in Figure 5d. This is clearly
evident of the ionic screening
mechanism which counter-
acts the p-type impurity dop-
ing by the SiO, substrate.

Raman Shift (cm™")

1600 1700 1800 1900 The use of KCl as the gating

electrolyte reveals a different re-
sponse from NaF in several as-

pects. Figure 6a shows the o—V
characteristic of graphene film

in different KCl concentrations.
As the concentration of KCl in-
creases, the slope of the o —Vj in-
creases sharply in the beginning
similar to the NaF case. The hole
and electron mobilities increase
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Figure 6. lonic screening effect of KCl ionic solution. (a) Transfer characteristics of graphene film in
different KCl concentrations. Vy; is kept constant at 10 mV. Threshold voltage shifts toward positive
gate voltages. Inset shows that carrier mobilities increase initially and remain constant as KCl concen-
tration increases beyond 10 mM. (b) Raman spectra show G-mode response fitted with Lorentzian com-
ponent of the Voigt profile in different KCI concentrations. (c) G peak up-shifts by ~12 cm™, and line
width decreases by ~10 cm™". (d) Initial slight decrease in hole carrier when the graphene FET is ex-
posed to 10 mM KCl, but it gradually increases to 2.3 X 10'2cm~2in 1 M KC.

KCI Concentration (mM)

phonon—phonon coupling and other factors indepen-
dent of electronic interactions. Therefore, a narrowing
of the line width of the G-mode reflects an increasing
number of electron—hole pairs.

In addition, the ratio of the intensities of the G and
2D peaks (/p/lg) also shows a strong dependence on
doping, thus affording sensitive monitoring of changes
in dopant concentration.3%3' A recent in-depth theoreti-
cal study suggests that, while the G peak intensity does
not depend on doping, the 2D peak intensity is sensi-
tive to carrier concentration and decreases with increas-
ing carrier concentration due to scattering effect on car-
rier mobilities.?® The initial G peak position of our
graphene sample is situated at 1595 cm™' before expo-
sure to the ionic solution; this is up-shifted by ~10
cm™! from undoped graphene?' and reflects p-doping
by the substrate. This p-doping agrees with the o—V
characteristics where the threshold voltage of the
graphene sample is at ~20 V before ionic screening.
As shown in Figure 5¢, the down-shifting of the G peak
by ~8 cm™! and increase in line width of the G peak
by ~12 cm™" with increasing ionic strength of the NaF
gating electrolyte suggest a reduction in carrier concen-
tration. The increase in the ratio of the integrated inten-
sity of 2D to G modes (lp/lg) by ~8 times with an in-
crease in NaF concentration is also reflective of a
decrease in carrier concentration in the graphene (see
Supporting Information, S7). Therefore, the changes in
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KCI Concentration (mM)

1000 initially from 59 to 300 cm?/(V - 5)
and from 17 to 130 cm?/(V - s), re-
spectively. However, one inter-
esting difference is that, above
10 mM concentration, the slope
of the o—V, plot does not
change, but Vg,min now shifts to-
ward positive gate voltages. In
view of the fact that Cl~ ions can show specific adsorp-
tion on hydrophobic surfaces, we propose there is inter-
play between screening and doping effect of KCI, which is
concentration-dependent. The screening effect is clearly
evident from the slight negative shift of

Vgmin from 20 to 17 V and slight down-shift of the G peak
by ~1 cm™', as monitored by Raman spectroscopy when
graphene is exposed to 10 mM KCI (Figure 6b,c). At higher
KCl concentration, the chemical doping effect of CI~ ions
outweighed that of ionic screening, and this is evidenced
by the shift of Vymin toward positive gate voltages. This
is manifested by the gradual up-shifting of the G
peak toward higher frequency (~12 cm™') and the
decrease in line width of the G peak by ~10 cm™'
(Figure 6b). From Raman and transport measure-
ments taken at V4 = 0 V, we obtained an estimated
increase in hole carrier density from 1.5 X 102 cm™
in dry conditions to 2.3 X 10> cm™2in 1 M KCI
(Figure 6d).

2

CONCLUSIONS

We have demonstrated an approach to obtain con-
ducting graphene sheets based on the intercalation and
exfoliation of GO sediments with tetrabutylammonium
ions. A homogeneous colloidal suspension of mildly oxi-
dized graphene sheets, coupled with a high monolayer
yield (~ 90%), allows it to be used for device fabrication.
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We demonstrated that impurity doping by the substrate
reduces the intrinsic field-effect transistor carrier mobility
of such chemically processed graphene film by at least an
order. Using NaF for ionic screening, the mobility of the
graphene can be improved by one order from the un-
screened situation in dry air. From electrical transport
measurement and in situ Raman spectroscopy, we found
that the dopant concentration is reduced from 1.5 X 10'?

METHODS

Oxidation of Natural Graphite and Intercalation by
Tetrabutylammonium lons. Graphite (1.5 g), NaNO; (1.5 g), and H,SO,
(69 mL) were mixed and stirred in an ice bath. Next, 9 g of
KMnO,4 was slowly added. The reaction mixture was then stirred
in room temperature for 1 h. After which, 100 mL of water was
added and the temperature was increased to 90 °C for 30 min. Fi-
nally, 300 mL of water was slowly added, followed by another
slow addition of 10 mL of 30% H,0,. The reaction mixture was fil-
tered and washed with water until the pH was about 6. The
graphite oxide precipitate was dispersed in water/methanol
(1:5) mixture and purified with three repeated centrifugation
steps at 12 000 rpm for 30 min. The purified sample was then dis-
persed in deionized water and centrifuged at 2500 rpm to sepa-
rate single-sheet highly oxidized graphene sheets in the super-
natant from mildly oxidized graphite oxide and some unreacted
graphite sediments found at the bottom. These sediments
(roughly 0.5 g) were recovered, dried, and dispersed in 20 mL
of N,N-dimethylformamide (DMF) and 2 mL of tetrabutylammo-
nium hydroxide solution (40% water). The mixture was then
heated under reflux at 80 °C for over 2 days. A black suspension
resulted, which remained stable for 6 months without precipita-
tion. To recover single sheets of mildly oxidized graphene sheets,
the reaction mixture was purified with repeated centrifugation in
water/methanol (1:5) mixture as above, followed by a fresh addi-
tion of DMF for the last purification step. The final purified
sample was dispersed in DMF. Centrifugations at 1500 rpm for
30 min were used to isolate highly oxidized outer layers of GO
(supernatant) from mildly oxidized ones (bottom). A good mono-
layer yield of ~90% was obtained, confirmed by tapping mode
atomic force microscopy.

Fabrication and Electrical Measurements of Graphene FET. Single-
layer GO sheets were spin-coated on oxidized silicon substrates
(285 nm SiO, with prefabricated marker) and annealed at 1000
°C. The samples were identified and located by optical micros-
copy. One hundred microliters of 3% poly(methyl methacrylate)
(PMMA) (molecular mass, 950 K) chlorobenzene solution was
spin-coated on substrates at 6000 rpm using Spincoater Model
P6700 Series (Specialty Coating Systems, Inc.) and baked at 120
°C for 15 min. The thickness of PMMA is about 200 nm. Electron-
beam lithography was done using a Philips XL30 FEGSEM at 30
kV with a Raith Elphy Plus controller, with an exposure dosage of
280 pA/cm?2 The PMMA was then developed with a methyl
isobutyl keton (MIBK) and isopropyl alcohol (1:3) solution. Ten
nanometer chromium and 100 nm gold were deposited in the
substrate through thermal evaporation. The films were then
lifted off in acetone at room temperature and rinsed with isopro-
pyl alcohol. The Cr/Au contacts were annealed at 350 °Cin a
vacuum furnace for 40 min to improve the contacts between
metal and graphene. The transport measurements for devices
were obtained with a B1500A Semiconductor Device Analyzer
(Agilent Technologies) using the in-built R-I Kelvin measurement
software. Electron and hole mobility can be extracted from the
linear regime of the transfer characteristics using p = [(Algs/Vas)
X (L/IW)]/CoAVy, where L and W are channel length and width,
respectively, Gy is silicon oxide gate capacitance (which is 1.21
X 1078 F/cm? for a gate oxide thickness of 285 nm), and Iy, Vas,
and V, are drain—source current, drain—source voltage, and
gate voltage, respectively. To allow for electrolyte gating of the
channel, the contacts were insulated by spin-coating the device
with a layer of PMMA photoresist baked at 150 °C and selectively
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to 2.8 X 10" ecm™2, and as a consequence, the hole mo-
bility is increased from 59 to 460 cm?/(V - s) and electron
mobility is increased from 17 to 310 cm?/(V - 5). We also
show that the effect of the ionic electrolyte depends on
the specific property of the ions. In the case of KCl, there
is a concentration-dependent interplay of ionic screening
and chemical doping, which may arise from specific ad-
sorption of the CI™ at the graphene—water interface.

exposing the channel area by electron-beam lithography. The
graphene channel was exposed by developing with a MIBK and
isopropyl alcohol (1:3) solution (see Figure 4b).

Raman Spectroscopy. The Raman spectra were obtained with a
WITEC CRM200 Raman system. The excitation source is 532 nm
laser (2.33 eV) with a laser power below 0.1 mW to avoid laser-
induced heating. The laser spot size at focus was around 500 nm
in diameter with a 100X objective lens (NA = 0.95). Spectral
resolution is 4 cm ™. All G- and D-mode features were adequately
fitted with a Lorentzian component of the Voigt profiles. All
Raman spectra in Figure 5 and 6 exhibited a prominent G peak
which relates to the Eyq vibrational mode between sp? carbon.
D-mode, which relates to an out-of-plane vibrational mode, in-
dicative of sp? carbons in the surroundings, is left out for clearer
representation of G-mode response in NaF and KCI concentra-
tions. The ratio of integrated intensity of D- and G-mode (Ip/Ig)
for thermally annealed graphene sheets ranges from 0.81 to 1.1,
thus indicating homogeneity and good restoration of
m-conjugated structure.?
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