NANO

smda

T Graphene

Investigating the Mechanism of Hysteresis Effect in
Graphene Electrical Field Device Fabricated on SiO,
Substrates using Raman Spectroscopy

Hua Xu, Yabin Chen, Jin Zhang,* and Haoli Zhang*

The hysteresis effect is a common problem in graphene field-effect transistors
(FETs). Usually, the external doping to graphene is considered to be responsible for
the hysteresis behavior, but is not yet clearly understood. By monitoring the doping of
graphene and the hysteresis in graphene FETs under different atmospheres using in
situ Raman spectroscopy, it is confirmed that the electrochemical doping of O/H,O
redox couple to graphene is responsible for the hysteresis effect. In addition, Raman
spectra of graphene on SiO, substrate show stronger doping than that suspended,
which indicates that SiO, substrate plays an important role in the doping of graphene.
Herein it is proposed that the doping species (H,O and O,) are bounded at the
interface of graphene/SiO, substrate by hydrogen-bonds with the silanol groups on
SiO, substrate. The dynamic equilibrium process of the charge-transfer between H,O/
O, redox couple and graphene under electrical field modulation is carefully analyzed
using Marcus—Gerischer theory. This work provides a clear view to the mechanism of
the hysteresis effect, and is of benefit to a reliable design to suppress the hysteresis in

graphene FETs.

1. Introduction

Since its discovery in 2004,I] graphene, a single-layer of hex-
agonally arranged carbon atoms, has attracted considerable
interest for its application in electrical devices,”] transparent
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electrodes,®! sensors,[*! polymer composites,’ and catalysis.[*]
Among these applications, graphene-based field-effect tran-
sistors (FETs) is the most important due to its excellent
electrical properties.”l However, the field-effect character-
istic suffers from a stronger hysteresis effect when meas-
ured under ambient conditions.1!] Moreover, the hysteresis
behavior shows dependence on the measurement parameters
and the environmental variations.[8912] Therefore, accurate
assessment of the electrical transfer properties of graphene
is hampered by the presence of the hysteresis effect, which
is not desired for graphene FETs. Although the suspended
devices,I®] vacuum annealing,['l and surface passivation!']
can reduce or eliminate the hysteresis, no method can control
it in a reproducible fashion due to a lack of understanding of
its underlying origin. Therefore, understanding the intrinsic
mechanism of the hysteresis effect is important for devel-
oping a reliable approach to suppress it.

The mechanism of the hysteresis effect has been studied
since the development of carbon-nanotube-based FETs,[1:17]
where a similar hysteresis behavior was observed. In general,
the charge trapping/detrapping around the graphene is uni-
versally recognized as the mechanism of hysteresis effect.['8]
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For example, the deficiency in the SiO, dielectric," silanol
groups (Si-OH) present on SiO, surface,['”] contamination
during fabrication processes!!#l as well as adsorbed molecules
(H,O, O,) from ambient airll'221] are considered to play an
important role in the origin of hysteresis effect. Among these
views, the prevailing two are charge traps from SiO, dielec-
tric and from adsorbed H,0 molecules on devices.'??l How-
ever, it still remains many questions unclear, for example, the
real source of charge traps which produce gate hysteresis in
graphene FETs in ambient air; the intrinsic mechanism (or
driving force) of the charge trapping/detrapping between
charge traps (such as H,O or O, molecules) and graphene;
and, the reason that heating treatment typically lead even
heavier doping and larger gate hysteresis to the SiO, sup-
ported graphene devices after re-exposure to air.[2’]

As we know, in situ Raman scattering is a nondestructive
optical technique which has been used to study the environ-
ment and the electrical-field-induced doping to graphene.2!-24]
In addition, the relationship between the Raman features
and the Fermi level of graphene has been well explained and
quantified.[?>20] Here, we present a systematical investigation
to the mechanism of hysteresis effect in graphene electrical
field device fabricated on SiO, substrates by using in situ
Raman spectroscopy under different doping atmosphere, as
shown in Figure 1a. The electrochemical doping of O,/H,O
redox couple to graphene is confirmed to be responsible for
the origin of hysteresis effect. In addition, based on the study
to the role of SiO, substrate in the doping graphene, we pro-
pose that the doping species (H,O and O,) are bounded at
the interface of graphene/SiO, substrate by hydrogen-bond
with its surface Si-OH. Finally, the dynamic equilibrium
process of the charge-transfer between H,0/O, redox couple
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and graphene under electrical field modulation is carefully
discussed by Marcus—Gerischer (MG) theory.

2. Results and Discussion

2.1. Raman Features and Gate Hysteresis in Graphene
Electrical Devices

Figure 1b shows the field-effect characteristics of Raman
spectra of graphene in ambient air. The prominent Raman fea-
tures in graphene are the G band at I point (at ~1582 cm™),
and the 2D band (at ~2700 cm™) involving phonons at the K
+AK points in the brillouin zone.?* It can be seen that both G
and 2D bands of graphene show the obvious modulations by
an electrical field effect. Figure 1c—e reveals how the Raman
parameters (the peak position (wg) and full-width at half-
maximum (FWHM) of G band as well as the intensity ratio
of the 2D and G bands (I(2D)/I(G)) vary as a function of
gate voltage. The up-shift in wg and the decrease in FWHM
of G band for both graphene Fermi level moving above (pos-
itive gate voltage) and moving down (negative gate voltage)
to the Dirac point are in good agreement with the previous
report.?>?"1 The G peak stiffening is due to the nonadiabatic
removal of the Kohn anomaly from the T" point,? and the
shift of G band (Awg) exhibits a linear relationship to AEg
[AEp = Ep — Ep], which is the shift of the Fermi level (Ep)
measured from the Dirac point (Ep)] according to the fol-
lowing equation.

hA(DE),

7 Mw, (v F)? erl = 1Al M

Where (D%)F:AtS.GeVZZ(2 is the
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deformation potential of the E,, mode,
M is the atomic weight of carbon, w, is
the frequency of the G band in undoped
graphene, vy is the Fermi velocity of
graphene, and o = 4.39 x 10 ~3.[20]

From equation (1) we know that the
Fermi level was modulated from —0.25 eV
to +0.1 eV around the Dirac point under
the gate voltage from —120 V to +120 V as
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seen in Figure 1c. The FWHM sharpening
occurs because of the blockage of the
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Figure 1. a) Schematic diagram for the in situ monitoring the graphene Fermi level modulation
with gate voltage using Raman spectroscopy in different atmosphere. b) Raman spectra of
graphene as a function of gate voltage. The gate voltage was reversibly swept between —120
and+120V, herein we just show the spectra under gate voltage sweeping from -120to+120 V.
The spectra at +20 correspond to the Fermi level at the Dirac point. c¢) Peak position and d)
full-width at half-maxium (FWHM) of the G band as a function of gate voltage. e) Intensity ratio
ofthe G and 2D bands (I(2D)/1(G)) as a function of gate voltage. The curves with arrow indicate

the direction of gate voltage sweeping.
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Gate voltage () than half the phonon energy.”’! Similar

to the previous report,?! the intensity
ratio of the G and 2D peaks (I(2D)/1(G))
shows an obvious variation as a function
of gate voltage. Moreover, the peak posi-
tion of 2D band shows a relative smaller
modulation than that of G band as
shown in Figure 1b. Most importantly, we
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find that all these Raman features of graphene modulated
under reversible gate voltage sweep exhibit a strong hyster-
esis behavior as presented in Figure 1c—e. We take wg as an
example to illustrate this hysteresis behavior, the Vi, (gate
voltage corresponding to the charge-neutral point, where wg
reaches a minimum value) and the curves of @wg as a func-
tion of gate voltage under forward and backward sweeps
show shifts and poor reproducibility, respectively, and each
curve shows asymmetry between electron and hole doping.
This hysteresis behavior in Raman characteristics has been
proved to correlate very well with that in electrical transfer
characteristics of the FET devices.?! In fact, the hysteresis
effects in both Raman and electrical transfer of graphene
FETs reveal the hysteresis of the carrier concentration (or
Ey) variation of graphene. Recently, several groups have used
electrical transfer to study the doping of graphene.l?!l How-
ever, the electrical transfer is usually affected by the prop-
erties of electrode/channel interface.*3%] In addition, the
Vbirac» Which was usually used to quantify the intrinsic doping
level of graphene in previous report,?!l is strongly affected
by many factors in the measurement. From above discussion,
we know that wg is a favorable parameter for in situ moni-
toring the doping-induced Fermi level variation of graphene.
In the following study, we focus our attention on the use of
g to assess the hysteresis behavior in graphene FETs.
Figure 2a—c shows the curves of wg as a function of gate
voltage for three different values of gate voltage sweep rate:
40, 20, and 10 V/10s. It can be seen that slower sweep rate
results in larger hysteresis behavior. Figure 2c¢,d shows that
large voltage range [-120, 120 V] produces larger gate hyster-
esis than that for small voltage range [-80, 80 V]. The hyster-
esis behavior is also affected by the directions of gate voltage
sweep as seen in Figure 1c (-120—+120—-120V) and Figure 2c

small

(+120--120—+120 V). Furthermore, the V. shows great
variations in all these different measurement conditions.
Therefore, the hysteresis behavior is dependent on a number
of experimental parameters, like the time delay before a
sweep started from one end (called hold time, not shown
here), range, rate, and direction of the gate voltage sweep,
and so on. All these features of hysteresis in the Raman are
similar to that in the electrical transfer characteristics which
were shown in Figure S2 of the Supporting Information (SI),
leading to inaccurate assessment to the performance of the
graphene device. Therefore, understanding the intrinsic mech-
anism of hysteresis effect in graphene FETs is important for
rationalizing a design to suppress it.

2.2. Affect of Different Atmosphere on the Doping and Gate
Hysteresis in Graphene Devices

In order to explore the origin of hysteresis effect, we treated the
samples under conditions of vacuum, vacuum annealing, and
exposure to different gas atmosphere. As shown in Figure 3a,
the hysteresis behavior exhibits an obvious decrease when
keeping the sample under 107! Pa at room temperature for
3 hours compared with that in ambient air. The Vi,  for
forward and backward gate voltage sweep moves closer to
zero gate voltage. As reported in previous work,® a fur-
ther decrease of the hysteresis and a significant shift of the
Vbirac t0 zero gate voltage can be observed, if continually
pumping for a long time (50 hours). This indicates that the
doping species, which causes hysteresis and p-doping, are
strongly bounded on graphene devices and difficult to be
completely desorbed by simple evacuation. Yet, this problem
can be improved by annealing the samples in vacuum condi-

tion. As shown in Figure 3b, the hysteresis

behavior nearly vanishes when annealing
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the sample at 473 K in vacuum for just
about 2 hours. The V. for both forward
and backward gate voltage sweep moves
to zero gate voltage. However, an even
larger doping and gate hysteresis arises
when re-exposing the sample into ambient
air as shown in Figure 3c. This phenom-
enon was frequently observed in the elec-
trical transfer characteristics of graphene
FETs, but the reason for it remains
debated.'*2031] Therefore, the nature of
the dielectric alone cannot explain why
the gate hysteresis in graphene FETSs can
be tuned using vacuum annealing or air
exposure.

To identify the role of O, and H,O
(the main composition of air (N, and Ar
have been proved to be not doped to
graphene)) in the doping of graphene and
to explore the origin of hysteresis effect in
graphene FETs, the samples were exposed

MICRO

Figure 2. Influencing factors on the gate hysteresis in graphene FETs. The gate voltage
is swept from +120 to —120 V, then back to +120 V with sweeping rate: a) 40, b) 20, and
) 10 V/10s. Field-effect characteristic for two different gate voltage sweep ranges: c) [+120,
—-120]V, d) [+80, —80] V. The gate voltage sweep rate is 10 V/10s.

to O,, H,O and O, + H,0 atmosphere with
controlled dose, respectively. As shown in
Figure 3d-f, exposing the samples to O, or
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Figure 3. Field-effect characteristic of Raman spectra of graphene under different atmosphere treatments: a) in vacuum (107! Pa) for 3 h,
b) annealing in vacuum for 2 h, c) re-exposure to air after vacuum annealing, d) Ar-containing water vapor (200 Pa, ~50% relative humidity), e) O,
(100 Pa), and f) 0,-containing water vapor (100 Pa, ~50% relative humidity).

H,0 atmosphere after vacuum treatment for 3 hours induced
a slight p-doping (Vp;,,c moved to positive gate voltage) and
a small gate hysteresis in graphene FETs. While exposing it
to the mixture of O, and H,O brings a heavier doping and a
larger gate hysteresis than that exposed to O, or H,O alone.
In fact, previous work has also shown a similar phenomena
that there is nearly no doping when exposing the samples to
O, or H,O alone, while a larger doping arises when espoused
to the mixture of O, and H,0.[?°2!] The smaller doping and
gate hysteresis of graphene exposure to O, or H,O alone in
our results should be due the affect of the residue O, or H,O,
which is difficult to be completely eliminated in our experi-
ment conditions. In spite of this, we can find a larger gate
hysteresis in the mixture of O, and H,O than that in O, and
H,O alone in a same partial pressure. So, we can make sure
that the combination of O, and H,O plays a key role in the
doping of graphene and the origin of hysteresis effect.

2.3. Role of Si0, Substrate in the Doping of Graphene, and
Electrochemical Doping Mechanism of Graphene

Now, we assess the molecular species (H,0O and O,) with what
kind of role forms to produce the gate hysteresis. There are
two basic questions which need to be answered. One is the
form of molecular species interacting with graphene and the
role of SiO, substrate in the doping of graphene; another is
the intrinsic mechanism (driving force) of the charge-transfer
between graphene and molecular species. For the former ques-
tion, we examined the doping of freshly prepared graphene
under different atmosphere by Raman spectra as shown in
Figure 4a. In this case, the bottom and top surface of graphene
are just contact with the SiO, substrate and atmosphere,

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

respectively, which can avoid the potential effect of the resists
(PMMA residues in the device preparation) on the experi-
ment results. Graphene deposited on a freshly cleared SiO,/
Si substrate exhibits a smaller p-doping, but a larger p-doping
arises when exposing the samples in ambient air for one
day (step i in Figure 4a). The p-doping can be eliminated by
exposing the samples in vacuum for about 3 hours (step ii).
Similar to above results, introducing the mixture of H,O and
O, (step v in Figure 4a) brings a larger doping than that for
introducing O, alone (step iii in Figure 4a). In addition, it is
need to be noted that the doping becomes more difficult to
be recovered by evacuation (step vi in Figure 4a) after intro-
ducing H,O than that for introducing O, alone (step iv in
Figure 4a). So, simple attributing the p-doping of graphene in
ambient air to the adsorption of H,O and O, on the surface
of graphene may not be accurate, as theory and experiment
have indicated that graphene is very hydrophobic.['"32 Much
work has considered that SiO, substrates plays an important
role in the doping of graphene in ambient air.['*2% To explore
the role of SiO, substrate, we compared the doping of
graphene on SiO, substrate with that suspended on a trench.
As shown in Figure 4b, the wg of graphene on SiO, substrate
shows an up-shift of about 3 cm™ after introducing O,/H,0O
species, while that for the freestanding region is essentially
unchanged. This result indicates that doping does not occur
for the freestanding graphene, which is consistent with the
substrate effects in carbon nanotubes and graphene.!'33]
Therefore, we are inclined to the view that H,O and O,
molecular species exist at the interface between graphene
and SiO, substrate other than adsorbed on the surface of
graphene.

As we know, a layer of Si-OH usually exists on the surface
of SiO, substrate, especially after the substrate was washed

small 2012, 8, No. 18, 2833-2840
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Figure 4. a) Atmosphere sensitivity of initial exfoliated graphene on
SiO, substrate. The doping-induced Fermi level variation in (i) ambient
air, (i) vacuum (1071 Pa), (iii) 0,, (iv) vacuum (1071 Pa), (v) O,-containing
water vapor (10° Pa, ~50% relative humidity) and (vi) vacuum (107! Pa)
conditions were monitored by Raman G band energy. b) Comparison of
the doping of initial exfoliated graphene (trilayers) supported on SiO,
substrate and suspended on trench by exposing the samples to O,-
containing water vapor (10° Pa, ~50% relative humidity). ¢) Schematic
depicting the p-doping of SiO, substrate supported graphene in
ambient air.

by piranha solution or plasma cleaner. Then, doping species
(H,0O and O, molecules) are easily bounded on the SiO,
substrate by hydrogen band with Si-OH when exposing it to
ambient air. Kelvin probe microscopy and X-ray spectroscopy
have shown that four or five water layers exist on the surface
of SiO, films grown on Si.**l Based on above discussions, we
propose that the doping species (H,O and O,) are bonded
at the interface of graphene/SiO, substrate by hydrogen-
bonding with its surface Si-OH as shown in Figure 4c.
This understanding provides a basis for understanding many
behaviors which were widely discussed in previous reports
for graphene supported on SiO, substrate. First, the initial
exfoliated graphene should be in simple loose contact with
the rough SiO, substrate (height variation about 1 nm),
which brings a relative smaller doping because the charge-
transfer requires that doping species be close enough to
exchange electrons with graphene. This is also the reason
for the doping state of initially exfoliated graphene showing
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a wide variety in different samples and a local microscopic
charge inhomogeneity previously reported for graphene
on SiO, substrate.’*! Second, a monolayer or sub-monol-
ayer of hydrogen-bonded H,O and O, remain on the SiO,
substrate and cannot be removed by simple evacuation at
room temperature due to the strong hydrogen-bond. This is
responsible for the residual doping and hysteresis observed
in graphene FETs after longtime vacuum treatment. Nev-
ertheless, these bounded H,O and O, species can be easily
removed by heating treatment in the vacuum condition at
473 K. At the same time, thermal annealing leads graphene
to closely couple to the SiO, substrate as previous report,?"]
then the doping species are re-bounded on SiO, substrate
after re-exposure to air. So, an even larger doping and hyster-
esis behavior arise in graphene FETs after vacuum annealing
and re-exposure to air.

For the latter question, we should understand what the
drive force of the charge-transfer between graphene and
molecular species and their dynamic process are. We know,
the electron affinity of O, (0.44 eV) is much lower than the
E of graphene (4.6 eV), direct charge-transfer between them
is unfavorable. As our results demonstrated, an O,/H,O layer
should be present at the interface of graphene/SiO, substrate
in order to induce p-doping and gate hysteresis in graphene
FETs. This implies that electrons are not simply trapped
by H,0, O, or Si-OH as reported before.[''1%] Our results
support a mechanism that electrons are transferred from
graphene to H,O/O, redox couple through an electrochem-
ical redox reaction. This conclusion is based on a recent study
by Chakrapani et al.,*l where they found that the p-doping
of diamond in ambient air is due to the electron transfer
from the diamond to the H,0/O, redox couple. In addition,
recent theoretical calculation has shown that there should
be two types of dopants for graphene.[’’] The first one called
electronic doping occurs via a direct exchange of electrons
between adsorbate and graphene, which will not lead to hys-
teresis effects. The second one called electrochemical doping
occurs via redox reactions involving H,O/O, and graphene,
which will lead to hysteresis effects.

The electrons spontaneously transfer between graphene
and H,0/0, redox couple through the electrochemical redox
reaction:

0O; + 2H,0 +4e™ (graphene) = 4OH™ 2)

Here, the electrochemical potential of the redox couple
in the atmospheric, calculated from Nernst equation, is about
-5.3 eV.B%¥ Marcus—Gerischer (MG) theory was used to
explain the doping mechanism of graphene and the dynamic
process of charge-transfer in graphene FETs. MG theory is a
universal theory in electrochemistry, which has been widely
used to describe the charge-transfer in electrochemical reac-
tions between metal and redox system.’331 As shown in
Figure 5a, the electronic density of states (DOS) function,
which reflects the electron energy level distribution around
oxidation potential (E,,) and reduction potential (E,,;),
for occupied and un-occupied states are defined as D, and
D, respectively. The Fermi level of the solution E,,,,, is
the energy where the DOS of reducing and oxidizing species
are equal: D, (E,,;.) = D,od(E, oqor)-2Y For charge-transfer
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ov +120 V gate voltage (step i in Figure 5b)
to graphene, the wg decreases to about
1582 cm™! with the Ej up-shifting, which
leads the overlap integral of Eand D, to
be larger than that of E;and D,,; as shown
in the right of Figure S3b of the SI. Then,
the reaction 2 proceeds to the forward
direction, that means the electrons transfer
from graphene to molecule species. So,
the ®g (Ep) cannot hold at its position,
while it gradually increases (decreases)
ro until a new equilibrium is produced as
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Figure 5. a) Doping mechanism of graphene depicted by Marcus—Gerischer theory. The arrow
indicates the direction of charge-transfer. b) Time evolution of w; and Fermi level of graphene
after the equilibrium of charge-transfer between molecular species and graphene was broken
by changing the gate voltage. The gate voltage applied to graphene device steps from (i) 0 to
+120V, (ii) holding at +120 V for about 100 s, (iii) step from +120 to 0V, and (iv) keeping at

0V forabout 100 s.

occuring, the Fermi function of metal should match with the
DOS of redox couple according to MG theory. So, the Fermi
level of graphene (-4.6 eV) lies above the electrochemical
potential of the O,/H,O redox couple (-5.3 eV) providing
a strong driving force for electrons transfer from the Fermi
level of graphene to the unoccupied state of O,/H,O redox
couple.

2.4. Dynamic Equilibrium of Charge-Transfer Process
Between 0,/H,0 Redox Couple and Graphene Under the
Electrical Field Modulation

The dynamic equilibrium and the rate of charge-transfer
between O,/H,O redox couple and graphene under electrical
field modulation are also well described through this simple
MG model. According to MG theory, the direction and the
rate of charge-transfer (the rate of electron transfer from
graphene to solution species and from solution species to
graphene are represented by R, and R, ;, respectively)
are proportional to the overlap integral of the E of graphene
and the DOS of molecule species.

Rg_m o (overlapof E pand D,y)
Ry—¢  (overlapof Erand D,.4)

Figure S5b presents the time evolution of wg (or Ep) of
graphene after the equilibrium of charge-transfer between
molecular species and graphene was broken by changing the
gate voltage. At zero gate voltage, the wg of graphene is at
1588 cm™ which shows an up-shift compared with the intrinsic
one (at 1582 cm™') due to the doping-induced Ej down-shift
by O,/H,O redox couple. We assume that the charge-transfer
between graphene and O,/H,O redox couple reaches equi-
librium at zero gate voltage, where E and E,, ;. are equal
as shown in the middle of Figure S3b of the SI. According
to MG theory, this equilibrium can be broken by the elec-
trical-field-induced graphene E variation. When apply a

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the time increases (step ii in Figure 5b).
When step the gate voltage from positive
to zero (step iii in Figure 5b), the electron
concentration of graphene contributed
by the gate voltage immediately vanishes,
while graphene has lost more electrons to
molecule species than that at original zero
gate voltage in the period of positive gate
voltage (step ii in Figure 5b). In this case,
the @g up-shifts even higher (E, down-shifts even lower) than
that at the original zero gate voltage (step iii in Figure 5b).
In addition, this step leads the overlap integral of E and D,
to be larger than that of E and D,,, which causes a break
to the charge-transfer equilibrium again. Then, the reaction
2 proceeds to the backward direction, that means the elec-
trons transfer from molecule species to graphene. So, the wg
(Ep) gradually decreases (increases) until a new equilibrium
is produced as the time increases (step iv in Figure 5b). The
time evolution of wg (or E) for applying a negative gate
voltage shows a similar variation trend as that for positive
gate voltage as shown in Figure S3a of the SI.

In addition, it needs to be noted that the time for the
charge-transfer from nonequilibrium to equilibrium needs
about 100 s which are in the same order of magnitude with
that reported by Liu et al,[??! but far shorter than that
reported by Martel et al.>!l At present, there are really many
problems in the accurately quantify the charge-transfer rate
due to a lack of appropriate quantitative parameter and
approach, which is detailed illustrated in the SI. Here, we
believe that using the quantitative relationship between wg
and Ej to in situ monitoring the doping of graphene is an
appropriate for the study of charge-transfer rate. As we have
demonstrated above, we consider that the charge-transfer rate
is related to the reaction kinetics of reaction 2. The charge-
transfer rate is proportional to the overlap integral of Ej of
graphene and D, /D,,, of the molecule species. This means
that the R g decreases nonlinearly with time increasing after
applying a positive gate voltage due to the decreases of the
overlap integral of E, and D, as the E, down-shifts. So, the
Fermi level (carrier concentration) exhibits a nonlinear vari-
ation with time increasing after disturbing the equilibrium of
reaction by changing the stress gate voltage as shown in step
ii and step iv of Figure 5b. Corresponding electrical measure-
ment also confirms our conclusions as show in Figure S4.

From above discussion, we know that there is a complex
dynamic equilibrium process in the charge-transfer between
graphene and molecule species in graphene FETs. The

small 2012, 8, No. 18, 2833-2840
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Figure 6. a) Schematic illustration to the dynamic equilibrium process of charge-transfer
between molecule species and graphene through the redox reaction under different gate
voltages. b) The hysteresis process of hysteresis effect in graphene FETs. The solid and the dot
arrows in (b) represent the contribution of the gate voltage and the molecule species to the
Er of graphene (the arrows represent two contributions of £ electron and hole), respectively.
And, the curves with arrows indicate the direction of gate voltage sweeping, which helps us to
distinguish the difference of hysteresis behavior in electron and hole doping side.
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its behind chemistry. According to such an
analysis to the hysteresis process, we can
readily understand many phenomena in
electrical characteristic of graphene FETs,
for example, the un-superposition between
forward and backward gate voltage sweep
and the asymmetry between electron and
hole transport. In addition, our experiment
results also confirmed the theory expecta-
tion about the relationship between these
two types of dopants for graphene and the
hysteresis effect in grephene FETs (see
the SI for a more detailed discussion).

3. Conclusion

In summary, by studying the doping of
graphene in different atmosphere treat-
ments using in situ Raman spectroscopy,
we present a clear picture of the mecha-
nism of the hysteresis effect in graphene
FETs and show that the charge-trapping/-
detrapping between graphene and O,/H,O
redox couple at the interface of graphene/
SiO, substrate is responsible for the origin
of the hysteresis effect. MG theory was
used to explain the charge-transfer mecha-
nism of O,/H,0 redox couple to graphene
and to analyze their dynamic equilibrium
process under the electrical field modula-

direction and the rate of charge-transfer continuously change
as the Ej of graphene up-shifts and down-shifts under the
reversible gate voltage modulation. Here, we define the con-
tribution of gate voltage and molecule species induced doping
to the Ej (or carrier concentration) variation of graphene as
Erg and Epy,, respectively. The electrical field characteristic
in graphene FETSs can be simply divided into four processes
as presented in Figure 6b. Process I, Ep; up-shifts with an
even speed, and Ep,, up-shifts with a decreasing speed due
to the R, decreasing with the overlap integral of E, and
D,,, decreasing (see the left of Figure 6a), thus E up-shifts
rapidly; Process 1I, Er; up-shifts with an even speed, but
Ery, down-shifts with an increasing speed due to the Rg
increasing with the overlap integral of Er and D, increasing
(see the right of Figure 6a), thus E up-shifts slowly; Process
II1, E; down-shifts with an even speed, and E,, down-shifts
with a decreasing speed due to the R, decreasing with the
overlap integral E;and D, decreasing (see the right of Figure
6a), thus E; down-shifts rapidly; Process 1V, E; down-shifts
with an even speed, but Eg, up-shifts with an increasing
speed due to the R, ; increasing with the overlap integral E
and D,,, increasing (see the left of Figure 6a), thus E down-
shifts slowly. So, the hysteresis behavior shows clockwise on
the electron doping side and counterclockwise on the hole
doping side, which is the main feature of hysteresis effect in
graphene FETs in ambient.?”! This is the first time we con-
cretely describe the hysteresis process in graphene FETs from
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tion. Based on MG theory, the electrical

field characteristic in graphene FETs was
simply divided into four processes, which helps us to more
clearly look into the origin of the hysteresis effect. In addi-
tion, we propose that the doping species (H,O and O,),
which causes gate hysteresis in graphene FETs, are bounded
at the interface of graphene/SiO, substrate by hydrogen-
bonding with its surface Si-OH. This view can well explain
many phenomena for SiO,-substrate-supported graphene.
The mechanism of the hysteresis effect in graphene FETs is
also applicable to that in carbon nanotube FETs. Building on
this understanding, investigations into using rational design to
suppress the hysteresis effect in graphene FETs are ongoing.

4. Experimental Section

Preparation of Graphene Device: Graphene devices were fab-
ricated as described in our previous work.’2”! Briefly, graphene
sheets were prepared by mechanical exfoliation of Kish graphite
using scotch tape and then deposited onto Si substrate with a
300 nm oxide layer. Monolayer graphene were identified with
the help of optical microscopy (OM) and Raman spectroscopy.
Standard electron beam lithography and lift-off techniques were
finally used to fabricate the contact electrodes to the graphene.
The electrodes were made of Cr/Au (5 nm/50 nm). The OM image
of the typical graphene device is shown in Figure S1a of the SI.

Raman Measurement and Controlled Atmosphere Experiments:
Raman spectra were obtained by using a Horiba HR800 Raman
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system with a 600 lines/mm grating and a 514.5 nm laser. The
incident laser beam was focused by a 50x objective and the laser
power on the samples was kept below 0.5 mW to avoid laser-
induced heating. The spectra integration time was 10 s per spec-
trum. The intensities and frequencies of the peaks were obtained
by fitting them with a Lorentzian function. For annealing, vacuum
and controlled atmosphere experiments, a homemade vacuum
probe station was used. The pressure could be down to 107! Pa
in the vacuum probe station by pumping for about 1 minute. The
temperature can be up to 473 Kwith a heating stage.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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