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Abstract

®

CrossMark

Due to its huge surface-to-volume ratio, graphene has become one of the most popular materials
for sensors. However, HO molecules in atmospheric environments can cause the instability of
graphene devices, which greatly limits the practical applications of graphene devices. The
charge transfer between graphene and adsorbed H,O molecules has been proved previously by
first-principle studies, but experimental demonstrations are still lacking. Here,
gate-polarity-dependent doping behaviors of adsorbed H,O molecules on a graphene/SiO,
field-effect transistor (GFET) are experimentally investigated. The results indicate that the
orientation of the adsorbed H,O can be affected by the gate-voltage polarity due to the dipolar
interaction, which leads to the amphoteric doping behavior of adsorbed H,O molecules. With
reducing the graphene layer number, the amphoteric doping behavior is more sensitive to the
gate voltage polarity. Our results are helpful for constructing high performance graphene-based

sensors and enhancing the stability of GFETs.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Due to the in-planar sp2 o and out-planar 7t C-C bonds
and the two-dimensional (2D) honeycomb crystal structure,
graphene has many unique properties, such as good chemical
stability, strong mechanical strength, high thermal conduct-
ivity, gapless Dirac energy—momentum dispersion relation,
ultra-high carrier mobility, electrically-tunable Fermi energy,
and huge surface-to-volume ratio [1, 2]. All these features
of graphene are suitable for constructing high performance
sensors [3]. Since the demonstration of single-molecule sens-
ing ability of graphene-based devices [4], there are many

1361-6463/20/455301+7$33.00

investigations on the adsorption mechanisms of graphene.
Notably, adsorption mechanisms of small molecules (NHj3,
NOy, CO, O,, and H;0, etc), organic molecules, and bio-
molecules on graphene and other 2D materials were theoretic-
ally studied based on density functional theory and molecular
dynamics theory [3, 5-9]. In the experimental aspect, several
optical spectral techniques, such as absorption, Raman, and
photoluminescence are used to character the bonds between
adsorbates and the 2D materials [3, 10]. More directly,
the micro morphologies of adsorbates on 2D surfaces are
observed by using atom force microscopy (AFM), scanning
tunneling microscopy, and Kelvin probe force microscopy

© 2020 IOP Publishing Ltd  Printed in the UK
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[11-14]. Many sensors based on the adsorption of molecules
on graphene and other 2D materials are realized and proposed
[3, 14-16].

Previous investigations show that the adsorbed H,O
molecules on graphene behave as acceptors [4—6]. By utilizing
this property, graphene/SiO, field-effect transistor (GFET)-
based fast response/recovery humidity sensors can be con-
structed [3, 5, 6, 14]. On the other hand, the adsorption of H,O
molecules will change the electrical properties of GFET work-
ing in atmospheric conditions. Many investigations on the
adsorption mechanism of H,O molecule and the doping beha-
viors were performed [17-19], such as interactions between
H,O molecules and defects, edges, and substrates. Adsorp-
tion/desorption experiments indicate that there are no chem-
ical bonds between the adsorbed H,O molecules and the car-
bon atoms located at the periodic honeycomb cites, and the
adsorption is through the Van der Waals (VdW) force [3].
Because of the weak VAW interaction (a binding energy of
~100 meV), few-layer graphene between the adsorbed polar
molecules and substrates cannot effectively screen the dipolar
interactions between them [16, 20]. Theoretical calculations
[7, 8] based on density functional theory show that for a
perfect and free-standing mono-layer graphene, the effects
of adsorbed H,O molecules on the electrical properties of
graphene are negligible. Moreover, H,O-adsorption-induced
doping behaviors can be attributed to the interaction of the
H,O molecules and the substrate. For example, for a SiO,
substrate, the local electric field introduced by adsorbed H,O
molecules will change the energy position of SiO, impur-
ity band [8], which results in the doping behavior of H,O
adsorption. The doping type is dependent on the orientation
of the adsorbed H,O molecules. For polar NH; molecules,
an amphoteric doping behavior is found originating from
the different adsorption orientations [5, 6]. Theoretical cal-
culations predicted that the adsorption of H,O on graphene
should show the similar amphoteric doping effect. However,
no such amphoteric doping behavior was found in recent
experiments [3].

In this paper, we report a gate-polarity-induced ampho-
teric doping behavior of H,O molecules adsorption on GFETs
within a 15-min time scale, in atmospheric conditions with
different relative humidities (RHs), and at room temperature
(300 K). Mechanically exfoliated multilayer (4.5 nm thick,
~12 layers) graphene is used to fabricate the back-gated GFET
on a SiO,/p-Si substrate with p denoting the hole doping. Zero,
positive, and negative gate voltages are respectively applied to
the GFET in atmospheric conditions with 0% RH (dry air),
58% RH, and 100% RH for 30 min. In comparison with the
case of zero gate voltage, the charge neutral point (CNP) in
the transfer curve shifts to right for positive gate voltage and
to left for negative gate voltage, which indicates that a por-
tion of the adsorbed H,O molecules acts as acceptors with a
positive gate voltage applied. The hole doping of H,O adsorp-
tion on GFET/SiO, is attributed to the dipolar-interaction-
induced change of orientation of the adsorbed H,O molecules.
The amphoteric doping behavior is more sensitive to the gate
voltage polarity when the graphene layer number is reduced.

Our main experimental findings are in accordance with theor-
etical calculations [7, 8].

2. Device fabrication and drift-diffusion model

The schematic and the micro-photograph of the GEFT are
shown in figures 1(a) and (b), respectively. The multilayer
graphene channel is mechanically exfoliated from a bulk
highly ordered pyrolytic graphite by scotch tape onto a sub-
strate of 300 nm SiO, over a heavily p-doped Si (500 pm)
substrate. The transfered graphene flakes are characterized by
using optical microscopy, Raman spectroscopy, and AFM.
The electrodes of the GFET are made with standard e-beam
lithographic technology, and the photoresist used in the elec-
tron beam lithography is polymethyl-methacrylate (PMMA).
Then a Cr/Au film (5/60 nm) is deposited with a thermal evap-
oration process. Finally, the standard lift-off process is used
to remove the excess metal film. To remove the PMMA and
the tape residues, water, and other adsorbates, thermal anneal-
ing is performed at 473 K for 120 min at a low atmospheric
pressure of 156 Pa. After annealing, the CNP on the transfer
curve shifts from V, = 25 V to V, = 5V, which indicates
that the graphene channel is weakly p-doped and most of the
residues are removed. As shown in figure 1(b), the graphene
channel is around 2.5 pym wide and 5.0 pm long between
every two nearest-neighbor contacts. In order to confirm the
layer number of graphene, the Raman spectrum of the GFET
is measured with a 532 nm excitation laser. The peak intens-
ities of G band (~1580 cm™!) and 2D band (~2750 cm™ 1)
are shown in figure 1(c). The higher G-band intensity indic-
ates that the graphene is multilayer [21]. For further determ-
ining the thickness of the graphene channel, the thickness
profile as shown in the inset of figure 1(b) is acquired by
using a AFM (Bruker multimode 8). The thickness of the
graphene channel is around 4.5 nm, which indicates that the
layer numbers of graphene are about 12 layers. The finished
device was mounted and wire-bonded to a PCB sample holder.
In figure 1(d), the linear output characteristics of the GFET
measured at V, = 0 V indicates that the contacts between
graphene and metal are Ohmic. The linear output character-
istics is kept at different gate voltages (not shown). In order
to investigate the adsorption of H,O molecules, the device is
mounted into a home-made vacuum chamber, in which the
ambient environment can be well controlled. To character-
ize the performance of the GFET, the basic electrical proper-
ties including the source-drain current—voltage curves (Ig—V4)
and the transfer curves (/4-V) with a fixed source drain bias
voltage of 0.1 V are measured. A Keithley 2400 and an Agi-
lent U3606A source-measurement units are utilized to record
the data.

A drift—diffusion carrier transport model for graphene is
used to evaluate the device parameters, including CNP, car-
rier mobility, and residual carrier concentration, by fitting the
experimental transfer curves in different atmospheric condi-
tions. The drift—diffusion carrier transport model for graphene
can be formulated as
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Figure 1. Schematic (a) and micro photograph (b) of the back gated GFET/SiO; with the inset shows the AFM thickness profile of
graphene channel, (c) the Raman spectrum of graphene channel, and (d) the output characteristic of the GFET at Vg =0 V.
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where I3 and V4 = 0.1 V are the source-drain current
and the bias voltage. Ry, R, and R, are the total res-
istance, the electrode—graphene contact resistance, and the
graphene channel resistance, respectively. Cox, €, and d are
the capacitance, dielectric constant, and thickness of SiO,
gate layer, respectively. L and W represent the length and
width of graphene channel. n, ngy, and n are the total, resid-
ual, and gate-tunable carrier concentrations, respectively. o,
e, and p are the conductivity, electron charge, and carrier
mobility, respectively. V, and Venp = 0 V are the gate
voltage and the potential of Dirac point of graphene, respect-
ively. 7 is the reduced Planck constant. vp = 10° m s~! is
the Fermi velocity of graphene. The values of function are
sgn(n) = 1 for n doping and sgn(n) = —1 for p doping.
In equation (1), R, ng, and p are fitting parameters. The
value of R. is set to 700 € for all the different atmospheric
conditions.

3. Electrical properties of the GFET/SiO; in
different atmospheric conditions

The GFET is mounted in a dark vacuum chamber before
each measurement to eliminate the influence of photo-gating
effect, and the device is kept for 30 min at 7 x 10~* Pa
with zero Vg and V,. The value of Vg is set to 0.1 V
for all the measurements. As shown in figure 2, the elec-
trical properties are firstly measured in vacuum condition
(7 x 10~* Pa, the same as below). Figure 2(a) shows the
source-drain currents with respect to time at the gate voltages
Ve =20 V (a-1) and V, = — 20 V (a-2), respectively. A
slight decrease of 14 (<0.25 pA, 1.2%) with time is observed
at V, = 20 V, and the variation of Iy at Vg = — 20 V
is negligible, which indicates that there are no gate-voltage-
dependent carrier trapping/de-trapping related to SiO, sub-
strate and adsorption/desorption processes at the time scale
of ~15 min. Figure 2(b) shows the I;-V, curves measured in
vacuum after the gate voltages V, = 0V, 20 V and —20 V
being applied to the device for 30 min, respectively. Our exper-
imental data show that such a time scale (30 min) is long
enough for the GFET to reach a steady state. The three trans-
fer 14—V curves nearly overlap and the CNPs locate at about
Vg = —1.25 V, which means the graphene channel is weakly
n doped. No hysteresis is observed on the /4—V, curves for
all the cases [22]. The details near the CNPs are shown in
the inset of figure 2(b). In the case V, = 0V, the residual
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Figure 2. Electrical properties of the GFET/SiO; in vacuum. (a) Dependences of source-drain currents on time for gate voltages of 20 V
(a-1) and —20 V (a-2) at a source-drain bias voltage of 0.1 V. The open circular scatters are experimental data, and the red point-dash lines
are the fitting curves. Before each of the two measurements, the device is kept in vacuum, at zero source-drain bias voltage, and at zero gate
voltage for 30 min. (b) Transfer curves of the GFET measured at once when the measurements of the corresponding current—time curves
shown in (a) are finished. The inset is the transfer curves near the CNPs. (c) Theoretical fitting results based on the drift—diffusion model.
Two sets of parameters are used to fit the experimental data at the two sides of the CNP, where P and N denote that hole and electron are the

dominant carriers, respectively.

carrier concentration is a little higher than those in the other
two cases, which may be contributed to the defects in SiO,
substrate [23, 24]. As shown in figure 2(c), the transfer curve
for V, = 0 V is fitted by using equation (1) with fitting para-
meters ngp = 1.31 x 102 cm~2 and w = 2410 cm?/(Vs) for
holes (P section) and p = 2460 cm?/(Vs) for electrons (N sec-
tion). A weak asymmetry exists between the subsections right
(electron) and left (hole) to the CNP, which is due to the differ-
ent scattering rates for electrons and holes originating from the
interface ionized scatters related to the SiO, substrate [25, 26].

The effects of H,O adsorption on the electrical properties
of the GFET are shown in figure 3. Before each measure-
ment, the device is kept in dry air, 58% RH, and 100% RH
atmospheric environments, respectively, with V4 = 0 V and
Vg = 0V for 30 min to make the GFET return to its initial
state. The variations of /4 with respect to time at the fixed gate
voltages V, = 20 V (a-1) and V, = —20 V (a-2) in different
ambient environments are presented in figure 3(a). To clearly
show the variations of /4 with time, different constant values
of current are subtracted from the originate data and then all
the I4-time curves can be presented in the same panel with a
much smaller current range. In dry air (0% RH), the values of
14 are nearly unchanged for V, = —20 V and a slight decrease
with time for V, = 20 V. However, when the GFET is in the
58% RH and 100% RH atmospheric conditions, remarkable
decreases of I3 with time are observed, and the decrease for the
case of 100% RH is larger than that for the case of 58% RH.
The above results indicate that the variations of /4 with respect
to time is related to the gate-dependent H,O adsorption on the
graphene channel. In order to further explore the behaviors
of gate-dependent H,O adsorption, the transfer curves of the
GFET with different gate voltages V, =0V, =20 V,and 20 V
are measured and the data are shown in figure 3(b). Before
each gate-voltage sweeping, the device is in the corresponding
atmospheric condition and with the corresponding gate voltage
for 30 min. In dry air (figure 3(b-1)), due to the O,-adsorption-
induced p doping [6], the CNPs shift from V, = —1.25 V
(figure 2(a)) to V, = 6.5V for all the three cases of fixed gate
voltages. The transfer curves are independent on the fixed gate

voltages, which indicates that the adsorption/desorption pro-
cesses of O, molecule on graphene are not affected by the gate
voltage and this result is consistent with that shown in figure
3(a). However, in humid environments, the transfer curves are
effectively changed by the fixed gate voltages. In the case of
Vo = 0V, the CNPs shift to V, = —3.0 V for 58% RH and
Ve = —10.0 V for 100% RH. In comparison with the /4—V,
curves in dry air (figure 3(b-1)), for graphene, the effect of
H,0O-induced n doping is stronger than that of O,-induced p
doping. At the same time, it can be found that the fixed pos-
itive gate voltage (red dash lines in figures 3(b-2) and (b-3))
leads to the right shift of the CNPs. On the contrary, the fixed
negative gate voltage (blue dot-dash lines in figures 3(b-2) and
(b-3)) leads to the left shift of the CNPs. In other words, the
H,0O-adsorption-induced n doping can be reduced by applying
positive gate voltages and enhanced by applying negative gate
voltages. Therefore, the decreases of /; with time in humid-
ity environments shown in figure 3(a) originate from the gate-
voltage-induced shifts of CNP.

To investigate the effects of graphene channel thickness,
a GFET with a few-layer graphene channel (~1.0 nm thick,
obtained from the AFM measurement (inset of figure 4(a)))
is fabricated. As shown in figure 4(a), the linear /4—V4 curve
indicates the metal-graphene contacts are Ombhic. Figure 4(b)
shows that compared to the GFET with multilayer graphene
channel, the few-layer GFET is more sensitive to the adsorbed
H,0O molecules. In the atmospheric condition with 58% RH,
the initial CNP shifts from 5.6 Vt0 19.6 Vand 5.6 Vto —6.8 V
after continuously applying positive 20 V and negative 20 V
gate voltages for 15 min, respectively. As shown in figure 4(c),
in vacuum condition, the CNP of the few-layer GFET has no
obvious change with the different gate voltages applied for
15 min. The slight shift of the CNP is due to the trap centers
in the SiO, substrate [22]. Further, as shown in figure 4(d),
the hysteresis of the transfer curves in the few-layer GFET in
vacuum condition identifies the charge capture into and release
from the trap centres in the SiO; substrate [22, 27].

We propose a model to qualitatively explain the above
gate-polarity-dependent doping effect of H,O-adsorption on
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Figure 3. (a) Source-drain currents with respect to time (0-900 s) of the GFET in dry air (0% RH) and atmospheric conditions with 58%
and 100% RH at 300 K, (a-1) and (a-2) for gate voltages of 20 V and —20 V, respectively. The source-drain bias voltage is set to 0.1 V.
Before each of the above measurements, the device is kept for 30 min in the atmospheric conditions with 0% RH (dry air), 58% RH, and
100% RH, respectively. (b) Transfer curves measured at once after the measurements of the corresponding current—time curves shown in
(a), (b-1) in 0% RH, (b-2) 58% RH, and (b-3) 100% RH.
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Figure 4. (a) The output characteristic of the few-layer GFET at V; = 0 V. Transfer curves measured at once after the measurements of the
corresponding current-time curves under different gate voltages in the atmospheric condition with 58% RH (b) and in the vacuum
environment (c). (d) Transfer characteristic of the GFET in vacuum condition, acquired along two different gate voltage sweep directions.

graphene. The charge transfers between adsorbates and with more valence electrons than carbon [28]. Therefore, the
graphene is dependent on the orientation of the adsorbed fact of n doping of H,O adsorption on graphene indicates that
molecules [7]. Generally speaking, p-type doping is achieved the O atom towards the graphene layer is the preferred orienta-
by adding atoms with fewer valence electrons than carbon, tion of the adsorbed H,O molecules [7]. On the other hand, the
while n-type doping is generally achieved by adding atoms very small effective charge transfer per H,O molecule means
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Figure 6. Theoretical fitting of experimental transfer-curve data
based on the drift—diffusion model, the derived carrier mobilities (a)
and the residual carrier concentrations (b) in atmospheric conditions
with dry air (0% RH), 58% RH, and 100% RH, respectively.

that the orientations of adsorbed H,O molecules are very close
to randomness [6]. As shown in figure 5, the gate voltages will
change the relative electrical potential of the graphene—SiO,
interface. For positive gate voltages, as shown in figure 5(a),
H atoms toward the graphene layer are the preferred orienta-
tions of the adsorbed H,O molecules and the electron transfer
is from the graphene layer to the adsorbed H,O molecules. On
the contrary, for negative gate voltages, O atoms toward the
graphene layer are preferred orientations and the direction of
electron transfer is reversed as shown in figure 5(b).

There is another possible mechanism to be responsible for
the gate-polarity-dependent doping behavior of the adsorbed
H,O molecules. Instead of the change of adsorption orient-
ation, the adsorption/desorption rates can be changed by the
gate voltages, which will result in the change of doping beha-
vior of H,O adsorbates. The experimental data for the O,
adsorption in dry air (figure 3(b-1)) indicate that the adsorp-
tion/desorption rates are not evidently influenced by the gate
voltage. The adsorption energies for H,O and O, adsorbates
on graphene are in the range of ~47 meV [5]. If the adsorp-
tion/desorption rates are mainly determined by the adsorption
energy, the gate-polarity-induced change of adsorption ori-
entation may be the preferred mechanism responsible for the
change of doping behavior of H,O adsorbate. Further exper-
iments are necessary to identify which mechanism plays the
dominant role.

By using the drift—diffusion transport model (equation (1)),
the experimental data are fitted with the electron and hole
mobilities 1 and the residual carrier concentration ng as the
free parameters. The derived values of p and ng in differ-
ent ambient environments are depicted in figure 6. With the
increase of RH, the carrier mobilities increase and the residual
carrier concentration decreases, which can be explained by the
fact that the screening of H,O adsorptions reduces the negat-
ive effects of defects on the interface of graphene—SiO; on the
carrier transport in the graphene channel. The gate voltages
have no essential influence on the above parameters.

4. Conclusion

In summary, GFETs/Si0; are fabricated by using the mechan-
ically exfoliated multilayer/few-layer graphene flakes as con-
ductive channels. Gate-polarity-dependent doping behaviors
of H,O adsorption on the channel of GFETs/SiO, are experi-
mentally investigated. In vacuum, there is no trapped-carrier-
induced hysteretic behavior in the /4—V, transfer curves. In
different atmospheric conditions (0% RH, 58% RH, and 100%
RH) and at the temperature of 300 K, the dependences of the
CNPs on the gate-voltage polarities are measured. When the
GFET is negatively (—20 V), zero, and positively (20 V) gated,
respectively, in the atmospheric conditions of 58% RH and
100% RH for 30 min, the CNPs on the transfer curves shift
to right along the gate voltage axis. However, if the GFET is
operated in vacuum and in dry air, respectively, the CNPs do
not shift. We propose a model to explain the experimental res-
ults that the orientation of the adsorbed H,O molecules can
be affected by the gate-voltage polarity due to the dipolar
interaction. For positive gate voltages, the orientation of H
atom towards graphene is the preferred configuration, and
the H,O adsorbates in such an orientation behave as accept-
ors. For negative gate voltages, the orientation of O atom
towards graphene is the preferred configuration, and the H,O
adsorbates in such an orientation behave as donors. The influ-
ence of graphene thickness is investigated. With reducing the
thickness of graphene, the amphoteric doping behavior of H,O
adsorption is more sensitive to the gate voltage polarity.
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