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ABSTRACT: Manipulation of transport hysteresis on graphene transistors and understanding electron transfer between
graphene and polar/ionic adsorbates are important for the development of graphene-based sensor devices and nonvolatile
memory electronics. We have investigated the effects of commonly used surfactants for graphene dispersion in aqueous solution
on transport characteristics of graphene transistors. The adsorbates are found to transfer electrons to graphene, scatter carrier
transport, and induce additional electron—hole puddles when the graphene is on an SiO, substrate. We relate the change in
transport characteristics to specific chemical properties of a series of anionic, cationic, and neutral surfactants using a modification
of a self-consistent transport theory developed for graphene. To understand the effects of surfactant adsorbates trapped on either
side of the graphene, suspended devices were fabricated. Strong hysteresis is observed only when both sides of the graphene were
exposed to the surfactants, attributable to their function as charge traps. This work is the first to demonstrate the control of
hysteresis, allowing us to eliminate it for sensor and device applications or to enhance it to potentially enable nonvolatile memory

applications.

B INTRODUCTION

Graphene, with atomic sheets consisting of fewer than 10
stacked layers of sp>hybridized carbon lattice," has emerged as
a promising candidate material for high-speed nanoelectronics
due to its outstanding electronic properties.””* Recent progress
in tuning the bandgap and resistivity in AB-stacked bilayer™**
and trilayer® graphene have expanded our ability to control the
properties of graphene for next-generation optoelectronic and
microprocessor applications. These materials, nevertheless,
require new synthesis methods for effective control over the
number of AB-stacked layers using graphite exfoliation and
processing. The conventional approach of micromechanically
cleaved (Scotch tape) mono- and few-layer graphene® from
graphite lacks an efficient mechanism for scalable manufactur-
ing. Progress has been made on growth of large-area monolayer
graphene using chemical vapor deposition (CVD) on metal
catalysts and transfer to various substrates.” ” However, for bi-
or trilayer applications, CVD graphene films tend to be
turbostratic, where slight deviations from the AB stacking
destroy the unique electronic structures of bilayer and trilayer
graphene.'”"" Exfoliation of pristine graphite into a liquid
phase'>™'* is easily scalable and allows for more precise
chemical modification in solution.">'® Very recently, our group
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has demonstrated a novel method to produce AB-stacked
bilayer- and trilayer- enriched graphene dispersions in a sodium
cholate (SC) aqueous solution using stage-controlled graphite
intercalation compounds.'” This approach enables the only
viable route at this time to produce AB-stacked bi- and trilayer
graphene on arbitrary substrates on a large scale, and the
measured mobility values are the highest for any solution
dispersed material to date.'” However, compared to the “Scotch
tape” devices, the transport characteristics are inferior in several
respects.’” Hysteresis and mobility loss are two properties
investigated in the present work, with the hypothesis that
surfactants commonly used to disperse pristine graphene are
responsible for these effects.'” In this work, we systematically
investigate representative anionic, cationic, and neutral
surfactants and their influence on carrier transport in graphene
transistors.

An important feature of graphene electronic structure is its
low density of states near the Dirac point at which the
conduction and valence bands meet, such that the electronic
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Figure 1. Effects of adsorbed sodium cholate (SC) molecules on solution-phase bilayer graphene transistors. (a) Ipg—V curves of the graphene
device using a bilayer graphene flake dispersed in SC aqueous solution. The arrows indicate the direction of the gate voltage sweep. (b) Normalized
2D conductivity vs gate voltage (Vg—Vp..) of a Scotch tape exfoliated (blue) and a solution phase (green) bilayer graphene device showing the
mobility reduction and the minimum conductivity (6,,,) increase. (c) Top-view (top) and side-view (bottom) schematics of a solution-phase

graphene transistor with SC coated on both sides.

properties are very sensitive to the surroundings. The formation
of electron—hole puddles'® near the charged impurity centers
on SiO, substrate'” has been proven to scatter carrier transport.
Therefore, recent experimental efforts have demonstrated that
the transport characteristics of graphene transistors can be
greatly improved using the hydrophobic,***" self-assembled
monolayers (SAM),*>* crystalline hexagonal boron nitride
(hBN),** and suspended substrates.”> On the other hand, the
effects of adsorbates on graphene transistors have been
extensively studied to control transport characteristics for
graphene sensor applications. N-type adsorbates, e.g, NHj;
vapor,” CO vapor,” 1,5-naphthalenediamine vapor,”’” liquid
poly(ethylene imine) (PEI),*® 1,5-naphthalenediamine
(NaNH,),”” 9,10-dimethylanthracene (An-CHj,),”” and alumi-
num thin film,***° donate additional electrons to graphene. On
the other hand, P-type doping has been observed in graghene
transistors exposed in dilute H,0O and NO, vapors, ¢ 0,

132 tetrasodium  1,3,6,8-pyrenetrtrasulfonic acid (TPA)
vapor,”’ tetrafluoro-tetracyanoquinodimethane (F4-TCNQ),*?
9,10-dibromoanthracene (An—Br),27 tetrasodium 1,3,6,8-pyre-
netetrasulfonic acid (TPA),>” and diazonium salt solutions.*®
There are some reports indicating that transport characteristics
can be changed by the solution pH.**** However, there is a
dearth of literature on commonly used surfactants for graphene
dispersion and their potential influence on carrier transport.
Also unknown is how the specific chemical structure of the
surfactant alters electronic and transport properties.

In our previous study,'” transistors produced using solution-
phase bilayer graphene flakes have shown an ambipolar
behavior, and the calculated mobility is about 400 cm* V'
s\ In addition, by applying top-gate engineering, we have
shown that its Dirac point moves along the diagonal, and the
2D resistivities reach a maximum at the upper-left and lower-
right corners in the two-dimensional contour plot of 2D
resistivities versus top-gate and bottom-gate voltages.'” With
this work, the high mobility and the vertical electric field
induced characteristics were demonstrated in solution phase
graphene for the first time."”

The purpose of this paper is to understand the effects of
anionic, cationic, and neutral surfactants on carrier transport in
graphene transistors. The dipole nature of surfactants and their
electronic interaction with graphene result in peculiar transport
phenomena compared to well-studied dopants.”*™** To
rationalize these interactions, we use a modified self-consistent
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transport theory'® that considers the effects of specific dopants.
Interestingly, we find an enhancement of hysteresis when
surfactants are allowed to adsorb to both sides of the graphene,
as in the case of suspended devices. Using this approach, for the
first time, we report a new method to eliminate and further
control the electronic hysteresis in graphene transistors. These
findings facilitate understanding the response of carrier
transport in graphene to dipole adsorbates, and developing
novel graphene devices for biosensing and nonvolatile memory
applications.

B RESULTS AND DISCUSSION

Compared to bilayer graphene devices prepared from Scotch
tape exfoliation, we notice two distinct differences in the
transfer characteristics of those fabricated from surfactant
dispersed solution, as shown in Figure 1, panels a and b. All of
the source-drain current (Ipg) vs gate voltage (V) curves were
measured at ambient conditions, and the devices were
fabricated on 100 nm SiO,/p-doped Si substrates. First, a
pronounced hysteresis is exhibited by sweeping the gate voltage
from —50 to +50 V and back to —50 V (see Figure la). For
each curve, we carried out voltage sweeping multiple (~10)
times until we obtained stable characteristics and saturated
hysteresis, such that Vi .. is independent of sweeping speed
and voltage range.22’36 When the gate starts at negative voltage,
charges (holes) in graphene are gradually injected into the traps
at bulk gate dielectrics and the graphene—dielectric interface
such that graphene senses a more positive potential than that
due to the gate voltage (and vice versa).>** The difference
between the Dirac points, V., (the gate voltage correspond-
ing to the minimum conductivity, 0, of the Ing—Vq curve)
measured using positive and negative voltage sweeps,
AViygteresiv €an be used to estimate the density of traps, n,
as follows:

A VHysteresisCG

e (1)

where Cg is the gate capacitance and e is the unit charge. The
calculated ny,, value corresponding to the AV in Figure
la is 5.8 X 102 cm™2, which is anomalously 1 order of
magnitude higher than the re;)orted density of traps in bulk
Si0,, n, (~5 x 10" cm™). 637 Second, compared to the
Scotch tape bilayer device, a ~60% reduction of hole mobility,

n trap =
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Figure 2. Chemical structures of the surfactants considered in this work.

Table 1. Surfactant Type, Critical Micelle Concentration (CMC), Concentration, Charge, and Its Counterion for the
Surfactants Considered in This Study

surfactant CMC (mM) MW CMC (wt%) concentration (wt%) charge counterion
anionic SC 12 431 0.52% 2% -1 Na*
SDS 8.7 288 0.25% 1% -1 Na*
nonionic Triton X-100 0.55 625 0.034% 0.1% 0
Tween 20 0.06 1228 0.0074% 0.025% 0
cationic CTAB 1 364 0.036% 0.12% +1 Br™
DTAB 14.1 308 0.43% 1.3% +1 Br~
(a) (b)80
Surfactants
: 70
Ti/Au Graphene &
360 -
SiO, _8
| p-SiWafer | 50 1
40 ,
80 -40 0 40 80 80 -40 0 40 80 80 -40 0 40 80 80 40 0 40 80

Ve (V) Ve (V) Ve (V) Ve (V)

Figure 3. (a) Schematic diagram of a graphene device with surfactants adsorbed on the top side, (b—e) The sequential experiments and Ipns—Vg
curves showing the effects of sodium cholate (SC) adsorbing on top of a representative graphene device (trilayer): (b) the as-prepared device, (c)
after dipping into pure water and blowing dry, (d) after dipping into SC aqueous solution and blowing dry, and (e) after final water rinsing and
blowing dry.

#, and ~65% increase of minimum conductivity, 0., are process to isolate graphene flakes on 300 nm SiO,/p-doped Si
observed (see Figure 1b). Since the Raman spectra of these substrate. Before graphene exfoliation, the SiO, substrates were
solution phase graphene flakes lack an appreciable D peak,'” we cleaned with copious amounts of acetone, isopropanol (IPA),
believe that the lattice structure of our solution phase graphene and DI water. Following that, they were exposed to O, plasma
was preserved during the intercalation, expansion, and at 200 W for 3 min. The layer number of the graphene flakes
dispersion processes.17 Therefore, the main factor that was identified based on their contrast ratio in optical
influences the transport characteristics is hypothesized to be microscopy and on their characteristic Raman spectra.
trapped surfactant adsorbates. Top-view and side-view Conventional ultraviolet lithography was utilized to pattern
schematic diagrams of a solution-phase graphene transistor the source/drain contacts onto the flakes. The electrodes were
coated with sodium cholate (SC) are shown in Figure lc. The then prepared by electron beam deposition of 25/75 nm thick
observed change of transport characteristics, however, is not Ti/Au layers sequentially under high vacuum. Finally, the
consistent with those reported using standard n- or p-type devices were soaked in acetone overnight to lift off the
adsorbants on graphene transistors.”* > According to other remaining photoresist. Before electronic characterization, each
reports in the literature, the transfer characteristics of a device was rinsed with IPA and dried with a nitrogen gun. All
graphene transistor after adsorbate doping exhibit (i) measurements were carried out at ambient conditions. The
asymmetric electron—hole conduction®® (i.e., only one side anionic, cationic, and nonionic surfactants considered here
(electron or hole) of mobility is reduced) and (ii) reduction were: sodium cholate (SC), sodium dodecylsulfate (SDS),
(not increase) of o,,;,.>%>° dodecyltrimethyl ammoniumbromide (DTAB), cetyltrimethyl

In order to understand the effects of surfactant adsorbates on ammoniumbromide (CTAB), Triton X-100, and Tween 20. All
the transfer characteristics of graphene transistors, graphene of these surfactants are known to be effective in dispersing
devices were fabricated using the Scotch tape exfoliation graphene in aqueous media."****’ The chemical structures of
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these surfactants are shown in Figure 2. For all surfactants, the
surfactant type, critical micelle concentration (CMC), concen-
tration, surfactant charge, and counterion are listed in Table 1.

First, we study the effects of the surfactant adsorbates on the
top side of graphene open to the surroundings but otherwise on
a Si0, surface. The schematic diagram is shown in Figure 3a.
Several monolayer, bilayer, and trilayer devices were fabricated
and characterized before surfactant adsorption. A series of
experiments and measurements were then carried out using
these devices sequentially. The change of transport character-
istics for a representative device (trilayer) is shown in Figure 3,
panels b—e. Figure 3b shows the Ips—V(; curves of the as-
prepared device, and the arrows indicate the direction of the
gate voltage sweep. The V., is located at 50 V, and the
AViyeresis 18 S V. The positive Vi, is believed to be mainly
caused by the electron—hole puddles on the SiO, surface'® and
other p-type adsorbates from the surroundings (e.g., 0,1
and H,0%%). The calculated Ny corresponding to the
AViygeresis 18 3.6 X 10" cm™. This value is of the same
order as the reported density of traps in bulk SiO,, n. The
transport characteristics are very stable in air, and the Ing—Vg
curves remain almost the same after dipping the device into DI
water and blowing dry with nitrogen (Figure 3c). Since the
sensitivity of graphene to water has been well studied,* it
appears that the concentration of H,O adsorbates on the
graphene surface is saturated before immersion. The surfactant
adsorbates were introduced by dipping the device into a SC
aqueous solution (S min) and blowing dry. Figure 3d shows the
Ins—V curves of the surfactant adsorbed device. Compared to
the as-prepared device, we found that (i) the Vp,. shifts back
to +5 V, (ii) there is an increase of o, and a reduction of
carrier mobility, and (jii) AViyyyeresis is increased to 9 V. The
negative Vp,. shift suggests that the SC adsorbates “n-dope”
the graphene device. However, the electron—hole conduction is
symmetric and both hole and electron mobilities are reduced.
These observations are consistent with those found in our
solution-phase devices, but it conflicts with those for standard
n-type dopants,”*~> as we indicated above. The final rinsing of
the device with a large amount of water can remove the
surfactant adsorbates on the graphene device so that the Ing—
Vg curves are restored, as shown in Figure 3e. These results
(see Figure 3, panels b—e) indicate that the effects of surfactant
adsorbates on the top side of graphene are pronounced but
reversible. The intrinsic properties of graphene appear
unchanged during these experiments. The change of transport
characteristics can serve as a powerful tool to quantify the
interactions between surfactant adsorbates and graphene.

The same experiments were performed on several mono-, bi-,
and trilayer graphene devices with the six surfactants considered
in this study. The Vp,. change and the percentage change of
the hole mobility and o,;, for each device before and surfactant
adsorption are plotted in Figure 4a. The charges before and
after water dipping are also shown for comparison. For some
data points, we notice a significant spread in calculated
properties. One reason for this may be uncontrolled
crystallization or aggregation of the surfactants on the graphene
surface during the drying process. However, since the changes
of characteristics after water dipping alone are much smaller
than this spread (see Figures 3c and 4a), it appears that the
device-to-device variation itself is not responsible. Several
important observations about the effects of surfactant
adsorbates can be summarized as follows: (i) For all of the
surfactants considered, the adsorbates reduce mobilities and
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Figure 4. Quantitative analyses of the effects of surfactants adsorbing
on the top side of graphene devices. (a) Shift of the Dirac point and
the percentage change of hole mobility and minimum conductivity for
various graphene devices (blue square, monolayer; red circle, bilayer;
and green triangle, trilayer) with respect to different surfactants. (b)
Calculated Angqpey Ay, and An* with respect to different surfactants.

increase &, (ii) All of the six surfactants can be classified as n-
dopants according to the standard interpretation used in the
literature to date®™>* since the Vbirae changes are all negative.
(iii) On average, we can rank the surfactant types according to
the change of the transport characteristics as follows: cationic >
anionic > nonionic surfactants. (iv) CTAB influences the
transport characteristics more than DTAB.

To rationalize these observations, we use a modification of
the self-consistent transport theory'® advanced by Das Sarma et
al., where an additional term is included to take into account
the effects of the additional dopants. Specifically, the carrier
transport in a graphene transistor considering the effects of the
underlying SiO, and the adsorbates on top is given by

dx.doi.org/10.1021/1a3008816 | Langmuir 2012, 28, 8579—8586
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where o is the conductance, h is the Planck constant, n is the
carrier (electron or hole) density, Mimp is the concentration of
charged impurities created near the graphene surfaces that
scatter carrier transport, ngqp. is the concentration of carriers
doped due to the adsorbates, and n* is the residual density of
electron—hole puddles on SiO, surface that screen the electric
potential from the bottom gate.'” In eq 2, r, is the
dimensionless constant describing the coupling strength of
the dielectrics to graphene, r, = 2¢*/hegvg(k; + K,),* where vy is
the Fermi velocity of graphene (1.1 X 10° m/s),""* g, is the
vacuum permittivity, and k; and k;, are the dielectric constants
of SiO, (~3.9) and air (~1), respectively. Compared to the
self-consistent transport theory' proposed by Adam et al,,'* we
introduce the ny,,. term to describe the charge transfer between
graphene and surfactant adsorbates. Using eq 2, the y, Vi,
and 0,,;, can be expressed analytically as follows:

_ldo _ 2e
edn  hny, G 3)
262
0. = —— |
iy (4)
(Mgope + e
VDirac = _dpi
Cq (%)

Note that eqs 3—S5 suggest that (i) the reduction of mobility
originates from the increase of n;,, on graphene surfaces, (ii)
the positive 7y (electrons) causes a negative shift of Vi,
and (iii) the increase of 6,,, results from the increase of n*.
However, it is noteworthy that n* is associated with the density
of electron—hole puddles, which screen the electric potential of
the bottom gate, at the graphene—SiO, interface.”” The
surfactant adsorbates are not able to penetrate this interface
due to the strong interactions between graphene and the SiO,
substrate. Using these equations, Any,,, An*, and Any,,,, which
correspond to the change of ny,, n* and ng,, due to the
surfactant adsorbates, can be calculated analytically from the
experimentally obtained y, 6,,;,, and Vp;,.. It is noteworthy that
although this model was derived for monolayer graphene
devices,'® the Anypp, An*, and Angg,, for bilayer and trilayer
graphene devices were extracted using the same equations since
the graphene layer dependence is weak (see Figure 4a). The
calculated values with respect to the six surfactants considered
are shown in Figure 4b.

For all the six surfactants considered, the concentrations of
Mimpr 1%, and ngq,. are increased due to the adsorbates. In other
words, the surfactants scatter carrier transport, transfer
electrons to graphene, and screen the effective electric potential
from the bottom gate. On average, the surfactant adsorbates
create 5 X 10"~2 x 102 cm™ Mimp and 7%, and 1 X 102~6 X
10" ecm™ electrons (ndope) is doped to graphene. The trends
for Any,,, An*, and Any,,. with respect to different surfactants
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are very similar. The theoretical picture behind these behaviors
can be explained as follows. Surfactants are polar, amphiphilic
compounds containing both hydrophobic tails and hydrophilic
heads. Since the graphene surface is very hydrophobic, the
hydrophobic tails of the surfactant adsorbates tend to stay close
to the surface, while the hydrophilic heads prefer to remain
hydrated and away from the graphene. The close distance (~3
A) between the adsorbed surfactants and graphene causes a
degree of electron transfer such that additional electrons are
doped (ndope) to graphene. Therefore, the surfactant adsorbates
on graphene can be viewed as clusters of dipole units, which
scatter the carrier transport (i.e., increase nimp). In this respect,
ionic surfactants possess stronger polarity than nonionic
surfactants, and therefore, the change of the transport
characteristics is more pronounced. CTAB is more polar than
DTAB due to its longer hydrophobic tail. As a result, it affects
the transport characteristics more significantly. These dipoles
also interact with the electron—hole puddles on the SiO,
substrate through graphene, since the graphene is too thin to
screen their electric fields. Consequently, the density of the
electron—hole puddles (n*) is increased due to this electro-
static induction such that the effective electric potential from
the bottom gate is reduced. On the other hand, the negative
partial charges on the SiO, surface, which were generated
during the O, plasma cleaning process, also alter the
arrangement of the surfactants on the top side of graphene.
The hydrophilic heads of cationic surfactants tend to stay closer
to the graphene surface than those of anionic surfactants due to
the electrostatic attraction from the SiO, substrate. As a result,
the cationic surfactants considered are found to change
transport characteristics more significantly than the anionic
surfactants considered. The unusual changes of transport
characteristics can be understood in terms of the strength of
surfactant polarity and the interactions between the surfactant
dipoles, graphene, and the underlying SiO,.

The influence of the surfactant adsorbates on the electronic
hysteresis was also investigated. Figure 5 shows the AViyeresis

50
B Device1
B Device2
40 4
B Device4
= Average
230 - =
8
2
= 20 -
<
10 1
| -
O B
As- sC Triton CTAB
Prepared X-100

Figure 5. Measured AV for four different devices with respect
to different surfactants adsorbed on the top side of graphene.

for four devices before and after adsorption of three different
surfactants. We found that the average n,,, corresponding to
the AVijygeresis for as-prepared devices is about 7 X 10" ecm™,
and a small, weak increase of n,,, up to 1 X 10" cm™, is
exhibited when the surfactant adsorbates are on the top side of
graphene (see Figures 3 and S). Nevertheless, the surfactant
dependence is weak, and although this value is higher than that
of n; (~5 x 10" cm™), it is much lower than the one that we

observed in our solution-phase graphene (~5 X 10'2 cm™2). As
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Figure 6. Fabrication and Characterization of suspended graphene transistor devices. (a) Top to bottom: Optical microscope (OM) image of an
exfoliated graphene flake on 300 nm SiO,, OM and SEM images of the suspended graphene flake held between two electrodes, and the side-view of
the device schematic. (b) Raman spectra and (c) Normalized 2D resistivity vs gate voltage of monolayer, bilayer, and trilayer graphene on 300 nm
SiO, and after suspension.
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Figure 7. (a) Schematic diagram of a suspended graphene device with surfactants adsorbed on both sides. (b—e) The sequential experiments and
Ips— Vs measurements showing the effects of sodium cholate (SC) on both sides of a suspended monolayer device: (b) the as-prepared device, (c)
after dipping into pure water and blowing dry, (d) after dipping into SC aqueous solution and blowing dry, and (e) after final water rinsing and
blowing dry.

we mentioned above, the ny,, is associated with the density of by 6 cm™ compared to the one on the substrate because the
the traps at bulk gate dielectrics and the graphene—dielectric effects of the SiO, substrate are removed.*”* As a result, the
interface.””>® The small increase of Myap most likely results from intensity ratio of the 2D (at 2633 cm™) and G peaks, Lp/I, is
the electrostatic induction from the surfactant dipoles on the also enhanced by a factor of 4 for the suspended monolayer.
top of graphene, which is similar to the formation of An*. The location of the G peak for the suspended bilayer and
However, we did not find an obvious surfactant-dependence in trilayer graphene does not shift obviously, but the I,,/I; is still
the series of experiments, and the anomalously high n,,, enhanced about 2—3 times. This is because the effects of the
observed in our solution-phase graphene cannot be fully substrate are reduced by the additional stacking layer(s), and
understood unless we fabricate a graphene device with the change of L,p/I; is much more sensitive to the carrier
surfactants on both sides of graphene. concentration than the G peak position near the Dirac point.**
In order to make the graphene-dielectric interface accessible The obvious change of Raman spectra indicates that the
to the surfactant adsorbates, suspended mono-, bi-, and trilayer suspended devices were fabricated successfully.43 Figure 6c
devices were fabricated using the method proposed by Bolotin shows the representative 2D resistivities as a function of
et al?® Briefly, the graphene devices on SiO, were immersed in normalized gate voltage for mono-, bi-, and trilayer devices
7:1 buffered oxide etch for 90 s, which etches approximately before and after suspension. All curves were measured at
50% of the SiO,, including the area under the graphene,*' as ambient conditions. The highest mobility at 25 °C for our
shown in Figure 6a. After suspension, the graphene flake is suspended monolayer is 20 000 cm” V™' 7!, The large mobility
almost invisible under an optical microscope but still clear enhancement compared to the one on the SiO, surface (6000
under SEM. The representative Raman spectra (using He—Ne cm?® V7! s71) results from the substantial reduction of extrinsic
laser at 633 nm) for mono-, bi-, and trilayer graphene before scattering (nimp).25
and after suspension are shown in Figure 6b. For the suspended A series of experiments (see Figure 3) were carried out using
monolayer graphene, the G peak (at 1580 cm™") is downshifted the suspended devices to understand the effects of the
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surfactant adsorbates on both sides of graphene. Figure 7a
shows a schematic diagram of the device, and the change of
transport characteristics for a representative device (mono-
layer) is exhibited in Figure 7, panels b—e. Figure 7b shows the
Ing—Vy curves of the as-prepared device. The Vpy,,. is located at
=7V, and the AVjy e is 0.5 V. Since the graphene is already
suspended, the negative Vp,. may result from the residuals
generated during device fabrication. The calculated n,,
corresponding to the AVi..qs is only 1.5 X 10*° cm_ij
which is several tens of times lower than that on $i0,.>® Again,
the transport characteristics remain almost the same after
dipping the device into DI water and blowing dry (Figure 7c).
The hysteresis is introduced after dipping the device into SC
aqueous solution and blowing dry, as shown in Figure 7d. It
appears that the surfactant adsorbates at the graphene—
dielectric interface create an increase in . Figure 7e indicates
that final rinsing of the device with a large amount of water can
restore the transport characteristics. The suspended architec-
ture presented here not only demonstrates the highest quality
of graphene device’ but probably represents the simplest
method to suppress hysteresis to a very high degree at ambient
conditions compared to other methods.*""*> Most importantly,
it provides a reversible and controllable platform to create
hysteresis artificially.

Several suspended mono-, bi-, and trilayer graphene devices
were fabricated and tested with the six surfactants considered.
The AVyyeresis Values for each device before and after
surfactant adsorption are plotted in Figure 8a. The average
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Figure 8. (a) Measured AViygteresis and (b) calculated Ncharge fOT Various
suspended devices with respect to different surfactants.

AViygteresis for the suspended devices is only 0.8 V (nmp =15X%
10" cm™?), and the degree of hysteresis is also highly
surfactant-dependent. Figure 8b shows the calculated ny,,
using the six surfactants. For ionic and nonionic surfactant
adsorbates, (2—6) X 10" cm™ and 0.(5—1) X 10" cm™ traps
are created, respectively. The surfactant dependence also
suggests that the hi§her dipole strength of the surfactant can
create more traps.”>*° Accordingly, using the suspended device
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structure, the degree of hysteresis can be controlled by
modulating the polarity of the surfactant adsorbates.

Bl CONCLUSIONS

In summary, we investigated the effects of surfactant adsorbates
on transport characteristics in graphene transistors. The
adsorbates are found to transfer electrons to graphene, scatter
carrier transport, and induce more electron—hole puddles on
the SiO, substrate. Therefore, the surfactant-doped devices
show negative Vp,,. shift, reduced mobility, and increased o,
which have never been reported. The mechanism behind the
unusually observed behaviors can be rationalized using a new
theoretical model based on the self-consistent transport
theory.'” Therefore, all of the changes of transport character-
istics can be quantitatively analyzed using the extracted f1gy.
Mimp and n* values. We found that the change of transport
characteristics is surfactant-dependent, and results from the
dipolar nature of the surfactants and the interactions between
surfactant adsorbates, graphene, and underlying SiO,. A higher
surfactant dipole strength introduces more n4qpe) Mimpy and n*,
such that transport characteristics change more strongly.
Moreover, in order to understand the effects of surfactant
adsorbates on both sides of graphene, we fabricated suspended
devices such that the surfactants can have access to the
graphene—dielectric interface. We found that the surfactants
also create additional traps (nmp), which capture carriers at high
gate voltage, such that strong hysteresis is displayed. The
proposed method enables us to eliminate hysteresis to a very
high degree and further control it for the first time. These
findings facilitate understanding the response of carrier
transport to dipole adsorbates and developing novel graphene
devices for biosensing and nonvolatile memory applications.
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