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ABSTRACT: Hysteresis is a problem in field-effect transistors (FETs) often caused by defects and charge traps inside a gate
isolating (e.g, SiO,) layer. This work shows that graphene-based FETs also exhibit hysteresis due to water physisorbed on top of
graphene determined by the relative humidity level, which naturally happens in biosensors and ambient operating sensors. The
hysteresis effect is explained by trapping of electrons by physisorbed water, and it is shown that this hysteresis can be suppressed

using short pulses of alternating gate voltages.
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raphene, a single layer of carbon atoms arranged into a

hexagonal structure, is a suitable material for electronic
sensors working on the principle of resistivity changes caused
by adsorbed molecules acting as acceptors or donors. It has
been shown that in vacuum a graphene-based sensor can detect
even single gas molecules." This extremely high sensitivity
results from the fact that every graphene atom is a surface atom
itself and can directly interact with adsorbed particles.
Moreover, due to graphene’s biocompatibility and ability to
be easily functionalized, it can be advantageously used in
biosensors operating in air or even in a water solution. Here, in
addition to detected molecules, graphene is exposed to water
molecules influencing real sensor behavior.”

The specific species are usually sensed by graphene sensors
(biosensors) having a field-effect transistor (FET) arrange-
ment. The main characteristic for the detection of these species
is the dependence of resistivity on back gate voltage (back gate
trace) exhibiting a peak corresponding to the charge neutrality
point (CNP peak). This point is defined by the Fermi level
crossing the Dirac point, where the total charge in graphene
should be zero. Ideally, in the case of sensors, the shift of the
CNP peak is determined by doping caused by adsorbed
molecules being detected. However, the real graphene sensors
of a FET’s design generally exhibit hysteresis in atmospheric
and water solution conditions, consisting in different positions
of the CNP peak during upward and downward back gate
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voltage sweeping. Such a behavior is often attributed to charge
trapping and diffusion inside a gate isolating layer (e.g., ion
diffusion, negative/positive bias temperature instability).”~"*
This behavior causes ambiguity in the determination of the
graphene doping level and the corresponding amount of
detected molecules.

In this work, we show that hysteresis in a graphene FET
sensor is also caused by water molecules adhered by
physisorption. The water origin of this hysteresis is proved
by measurements at different relative humidities, under
atmospheric conditions and in a vacuum environment caused
by water molecules only. Furthermore, it is shown that the
hysteresis can be suppressed by the utilization of alternating
short gate voltage pulses. Finally, a fundamental mechanism of
electron trapping by physisorbed water explaining the
hysteresis behavior is proposed.

Received: July 13, 2020
Accepted: September 2, 2020
Published: September 2, 2020

https://dx.doi.org/10.1021/acssensors.0c01441
ACS Sens. 2020, 5, 2940—2949


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miroslav+Bartos%CC%8Ci%CC%81k"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jindr%CC%8Cich+Mach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jakub+Piastek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Nezval"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Konec%CC%8Cny%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vojte%CC%8Cch+S%CC%8Cvarc"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+Ensslin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+Ensslin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toma%CC%81s%CC%8C+S%CC%8Cikola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.0c01441&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01441?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01441?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01441?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01441?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01441?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01441?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01441?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ascefj/5/9?ref=pdf
https://pubs.acs.org/toc/ascefj/5/9?ref=pdf
https://pubs.acs.org/toc/ascefj/5/9?ref=pdf
https://pubs.acs.org/toc/ascefj/5/9?ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01441?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

Graphene

(@)

Si
1MQ »J Current
source
Lo @7%
Lock-in amplifier
a R 1.333 kHz N
s ] | 1V -
oL s
- input output
9) O ;

Nitrogen
bomb

ELMAG
valve

Control

#H.0 vapor line if'hw;'
Humidity
chamber

.." Heating

— SOUICE

Figure 1. (a) Schematic of the sensor electronic setup for transport measurements. (b) Environmental chamber for controlling the relative

humidity.
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Figure 2. Evolution of hysteresis during the measurement of graphene resistance as a function of back gate voltage: () in atmospheric conditions
at three different RH values, (b) in UHV before and after annealing (no hysteresis), and (c) in low vacuum at three different water vapor pressures
(after introducing water vapors into a UHV chamber). (d) Hysteresis as a function of the pressure of water vapor introduced into a vacuum

chamber.

B METHODS

A large-area polycrystalline graphene layer was grown by a standard
low-pressure chemical vapor deposition (CVD) method.”® To get a
high-quality graphene layer, an ultrasmooth copper foil was used for
graphene growth.'®™'® The growth procedure consisted of three
technology steps: (1) copper annealing at a hydrogen flow (4 sccm,
10 Pa, 1000 °C, 30 min) to remove air adsorbates, (2) methane
introduction (40 sccm, 70 Pa, 1000 °C, 30 min) to grow graphene in
a H,/CH, mixture, and (3) bottom-side copper cleaning in oxygen—
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argon plasma (20% O,, 80% Ar, 2 min) to remove graphene from this
side, while that one from the top side was protected from plasma
etching by a spin-coated poly(methyl methacrylate) (PMMA) layer.

The transfer process was performed by a PMMA-assisted wet
transfer method. Graphene was transferred on a p-doped silicon
substrate (resistivity 1.0 X 107°—1.5 X 107> Q-cm) covered by
thermal 280 nm SiO, and two lithographically prefabricated Au(45
nm)/Ti (3 nm) electrodes. The active part of graphene between these

https://dx.doi.org/10.1021/acssensors.0c01441
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electrodes then determines the geometry of the measured graphene
channel with length L = 50 gm and width W = 400 pm.

The sample is arranged in the form of a field-effect transistor
(FET) with a bottom gate electrode to provide back gate voltage
sweeping (Figure la). The application of back gate voltage (V)
controls the charge carrier density according to the formula n = (gy¢,/
ed)V;, where &, is the vacuum permittivity, €, is the SiO, relative
permittivity (3.9), e is the elementary charge, and d is the thickness of
the SiO, layer. The graphene resistivity is then defined as p = RW/L,
and its dependence on Vg determines the doping type and charge
carrier mobility. The resistance (R) of the graphene layer was
measured using a lock-in amplifier SR830 (Stanford Research
Systems) with a frequency of 1333 Hz, a fixed current of 100 nA,
and a back gate voltage in the range of +90 V.

All transport experiments were measured in situ at the controlled
relative humidity (RH) and room temperature of 25 °C (RT). The
experiments were carried out either in a home-built stainless steel
environmental chamber (Figure 2b) under ambient conditions at
atmospheric pressure (10° Pa) or in another home-built ultrahigh
vacuum (UHV) chamber providing low base pressure (4 X 1077 Pa)
that was increased only by introducing water vapors up to 3000 Pa
(corresponding to 95% RH). Nitrogen gas or a water vapor—nitrogen
mixture can be flowed through the environmental chamber to reduce
or increase the RH in the chamber, respectively.'” In the UHV
chamber, the total pressure is controlled by the evaporation of water
from a flask in vacuum.

B EXPERIMENTAL RESULTS

Back Gate Trace in Vacuum and Atmosphere at Different
RH Values. A typical back gate trace experiment in atmospheric
conditions is depicted in Figure 2a. Here, the gate voltage was
continuously swept from 0 to 90 V, from 90 to —90 V, and finally
from —90 to 0 V. The voltage incremental change during one step was
1V, and its duration was 0.6 V/s. The measurement was performed at
three values of relative humidity: 10, 40, and 70%. Obviously, there
are two distinct ways of behavior. First, the curves move toward
positive voltages with the relative humidity that corresponds to a
stronger p-doping of graphene. Second, the individual curves for each
RH do not overlap and exhibit strong hysteresis. For lower RH values
of 10 and 40%, the hysteresis can be quantified by a voltage shift
(AVg) of the CNP peak, which was 15 and 19 V, respectively. For a
higher RH of 70%, the voltage shift parameter cannot be determined
due to a strong p-doping, moving the CNP peak out of the measured
range. However, even here, a strong hysteresis is present. Generally,
the hysteresis causes that the CNP peak is moved to higher gate
voltages for increasing gate voltage and to lower gate voltages for
decreasing gate voltage during one cycle of back gate trace.

The hysteresis in the measurement leads to ambiguity in the
determination of the CNP peak position and consequently influences
the calculation of the charge carrier concentration. This ambiguity is
possible to quantify. For example, in the case of a back gate trace for
10% RH (red curve in Figure 2a), the right CNP peak occurs at a gate
voltage of 74 V and the left peak at 59 V, which corresponds to the
mentioned 15 V voltage shift. It results in a charge carrier
concentration of 5.7 X 10'> cm™ for the right CNP peak position
and 4.54 X 10" cm™ for the left CNP peak. Therefore, the absolute
ambiguity (error) in the determination of the charge carrier
concentration is 1.16 X 10" cm™ and the corresponding relative
error in finding this concentration with respect to the mean value is
almost 23% (1.16/(5.70 + 4.54)/2). This is quite high value as the
changes in the CNP peak position caused by the detected substance
in a typical sensor or biosensor are often much smaller.>’~>¢

The hysteresis disappeared when the sample was put into the UHV
chamber and the pressure was pumped down to 1077 Pa, as can be
seen in Figure 2b (blue curve). Furthermore, after annealing at a
temperature of 300 °C for 1 h, the CNP peak was shifted from 72 to 1
V (red curve), and the sample again revealed no hysteresis. It leads to
the following conclusions. First, the removal of atmospheric molecules
in space surrounding the sample eliminated the hysteresis. Second,
annealing, which generally removes surface contaminants, adsorbed
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water molecules, and even water captured under graphene (at the
silica—graphene interface),”’” changed the strongly p-doped graphene
to intrinsic graphene.

To distinguish between the influences of water and other
atmospheric molecules (oxygen, nitrogen, etc.), the annealed sample
was exposed in the UHV vacuum chamber to water molecules only, as
shown in Figure 2c. Introducing water vapors into the chamber up to
the pressure of 3000 Pa (the partial pressure of water molecules is
here also an absolute pressure) resulted in the restoration of hysteresis
behavior. The voltage shift (AV) parameters characterizing the
hysteresis rate were 14, 24, and 27 for water vapor pressures of 224,
1150, and 3000 Pa, respectively. It corresponds to relative humidity
values of 7, 36, and 95%. It means that the hysteresis increased with
the amount of water vapor. A more detailed measurement in the
relative humidity range from 0 to 36% RH (Figure 2d) showed a
gradual exponential saturation of hysteresis development with water
vapor pressure (~23.72—20.22-¢~00%7),

Comparing hysteresis using the back gate voltage shift (AV) for
experiments performed in atmospheric (Figure 2a) and vacuum
conditions (Figure 2c), it is obvious that the hysteresis has very
similar values for comparable RH values. On the other hand, the
average p-doping shift of CNP (calculated from the corresponding left
and right peaks in Figure 2c) was close to zero in vacuum (less than 9
V) even after introducing water vapors. From this point of view, the
rate of hysteresis in the experiment is related to the level of water
vapors present in the sensor’s surroundings. However, the overall
graphene p-doping relates to ambient conditions since the average p-
doping of graphene is recovered after a day of ambient atmosphere
exposure. Furthermore (see below discussion), these experimental
results will be explained as a consequence of different behaviors of
water above and under graphene with RH.

Although the presented experiments performed in vacuum
conditions introduced the behavior of the graphene FET sensor
exposed to water molecules only, most of the recent biosensors
operate in real atmospheric conditions in the presence of all other
atmospheric molecules and at the standard pressure. Below, we will
focus on sensor behavior in an atmosphere in more detail.

Sensor Response to an Individual Back Gate Voltage Step.
Since a typical back gate trace measurement consists of continual
gradual changes in back gate voltage, it is fundamental to understand
the sensor response on an individual back gate voltage step applied
under atmospheric conditions at different RH values. Such a
measurement is shown in Figure 3. Here, a single 70 V back gate
voltage step was applied at the 100 s time after the beginning of the
transport measurement and then the resistance response was observed
for the next 160 min. According to practice in sensing experi-
ments,">* " the relative change of resistance is depicted in Figure 3
instead of the absolute change of resistance. The relative change of
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Figure 3. Relative change of sensor resistivity caused by the
application of a gate voltage step at the 100 s time from the start
of the experiment (see the inset) and its time evolution in the next
160 min under atmospheric conditions for different RH values.
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resistance is defined as AR = (R(t) — R,)/R,, where R(t) is the
resistance measured in time t and R, is the initial resistance.

The back gate voltage step results in a big and sudden change in the
relative resistance (Figure 3, initial part). This change approaches a
value of 110% independent of the relative humidity and is caused by a
compensation of the originally p-doped graphene (Figure 2b, blue
curve) by the influx of electrons. After the application of gate voltage,
a gradual exponential decrease of relative resistance was observed with
time (Figure 3, following part). The decay was faster for higher RH
values. While for 5% RH (green curve), the resistance remained
almost the same (from AR = 110% to AR = 102%), for 70% RH
(brown curve), the relative resistance change decreases to 55% (from
AR =110% to AR = 55%). Although this exponential decrease occurs
within a relatively long time (160 min), it represents one of the main
reasons for hysteresis in atmospheric back gate trace measurements
(Figure 2a). This is supported by the fact that all of the time during
the back gate trace measurements (Figure 2a,c), the resistance also
exponentially decreases (Figure 3), while the gate voltage is
continually changed.

Sensor Response to a Back Gate Voltage of Different Sizes
in UHV and Atmospheric Conditions. The necessity of water
vapor presence for the existence of hysteresis in the ambient
atmosphere was indirectly confirmed by measurements in UHV
(Figure 4), where two gate voltage steps of 28 and 70 V were applied.
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Figure 4. Relative change of sensor resistivity after the application of
two gate voltage steps of 28 V (electric field intensity in SiO,, 1 MV/
cm) and 70 V (2.5 MV/cm) and its time evolution in UHV
conditions before annealing.

Here, no exponential decrease after switching on the gate voltage was
observed, which corresponded to the fact that the back gate trace
experiment did not exhibit any hysteresis in UHV (Figure 2b).

The applied back gate voltages of 28 and 70 V resulted in two
different electric fields in the SiO, layer equal to 1 and 2.5 MV/cm,
respectively. Consequently, the lower 28 V gate voltage step caused

the lower resistance change AR = 40% than the bigger 70 V gate
voltage step, which led to AR = 90% (Figure 4). The exponential
decay is not present in UHV (Figure 4). If these voltages are applied
in atmospheric conditions, an exponential decay appears, which is for
the lower gate voltage slower in time than for the higher gate voltage
(Figure Sa). Here, the relative change of resistance related to the
initial maximum R, obtained after the application of the
corresponding gate voltage is defined as AR,,, = (R(f) — Ry.0)/Rpaxe

The exponential decays depicted in Figures 3 and S asymptotically
approach a certain saturation value of resistance response. The higher
the applied gate voltage and relative humidity, the faster and larger the
saturation process. The hypothesis explaining this behavior will be
presented in more detail in the Discussion section.

Sensor Response to an Individual Relative Humidity Step.
To better understand the resistivity saturation process, the sensor
resistance response to a change of relative humidity at the zero gate
voltage application was studied. As can be seen in Figure 6, the
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Figure 6. Time development of the relative change of sensor
resistivity after the application of four different steplike upturns
(inset) of relative humidity at time 200 s: 10 — 40% (green), 10 —
50% (black), 10 = 60% (blue), and 10 — 70% (red).

response is relatively small (<1.6% relative resistance change) and has
a relatively long duration (~50 s). Such a small response can be
explained by the CNP peak-offset position of the nonannealed
graphene utilized in this study, which was higher than 40 V (Figure
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Figure 5. (a) Relative change of sensor resistivity after the application of two gate voltage steps of 28 and 70 V and its time evolution in
atmospheric conditions at relative humidities of 10, 45, and 70%. Details of the resistivity relative change for the gate voltage of 28 V related to (b)

an initial resistance maximum and (c) initial resistance.
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2a,b, blue curve). Then, at the zero gate voltage application (Vg = 0
V), the resistance can change only slightly since the CNP peak is far
away. This problem of small resistance response is usually resolved by
setting a proper gate voltage, so that the slope of the resistance course
in the back gate voltage trace reaches its highest value—the point of
maximum transconductance.”’*" Nevertheless, in our case, such a
setting was not possible due to the mentioned process of saturation,
while a gate voltage is applied for a longer time. Therefore, in this
article, we suggest a different solution presented in the Experimental
Solution of the Hysteresis Problem section.

Common Influence of Back Gate Voltage and Relative
Humidity. In this section, the response of a graphene FET sensor to
steplike relative humidity changes for different gate voltages will be
discussed. Such a testing regime is often similar to a working regime
of graphene sensors in real operation conditions.”*™*° In Figure 7, the
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Figure 7. Complex sensor behavior. Relative change of sensor
resistivity after the application of two relative humidity steps (10% for
1250 s = 70% for 750 s = 10% for 500 s — 70% for 750 s) at three
different gate voltages of 0, +70, and —70 V.

response of the graphene sensor to two relative humidity steps (RH =
10 — 70 — 10 — 70 — 10%) for three different gate voltages of —70,
0, and +70 V is shown. In the case of zero gate voltage, a small
resistance response to humidity steps is seen, which is in agreement
with our previous measurements (Figure 6, red curve). On the other
hand, the reaction to humidity steps is much stronger for the gate
voltages of —70 and +70 V (Figure 7, green and red). The charts
show the following behavior. First, after the application of these initial
gate voltages, the resistance change was swiftly increased and then a
long exponential course followed by a saturation occurs. This typical
time development was interrupted when a high relative humidity
(70%) was applied. In the case of the positive gate voltage application
(+70 V, Figure 7, red curve), there is a significant initial positive
increase of resistance followed by a lengthy exponential decay, which
considerably speeds up during the first humidity step; meanwhile,
during the application of the second humidity step, the response is
already weak and similar to the zero gate one (black curve). In the
case of a negative gate voltage application (—70 V), there is a low
initial decrease of resistance followed again by an exponential time
development which is increasing in this case. Moreover, the increase is
enhanced and accelerated in time of higher humidity steps. The
response to the positive gate voltage is in agreement with the previous
experiments (Figure 3); however, the response to the negative gate
voltage is quite opposite—an initial decrease followed by exponential
growth. The lower absolute initial change of resistance and its
opposite character can be explained by the asymmetry of the back
gate trace curves (Figure 2b, blue curve) since at the application of a
negative voltage the resistance decreases and its absolute change is
much smaller than that for the positive gate voltage. Both evolutions
for positive and negative gates prove the exponential tendency of
returning to certain saturated values. Simultaneously, an increase of
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relative humidity accelerates the process of aiming toward a saturation
state. This time evolution process turned on by the gate voltage
application is in competition with a small step change of resistivity
caused by a change of relative humidity. During the first humidity step
(Figure 7), the domination of the returning process is evident;
however, in the second step, the real response on humidity prevails.
The chart in Figure 7 illustrates how the behavior of sensors can
appear complex in a real experiment held in the atmosphere, although
it is relatively easy to explain as the interplay of the previously
described three partial effects: (1) response to RH, (2) response to
gate steps, and (3) motion toward saturation.

B EXPERIMENTAL SOLUTION OF THE HYSTERESIS
PROBLEM

The previous experiments have led to the following important results:
The response of the sensor to an application of gate voltage in a
typical range —90 to +90 V is much stronger than that one to the
relative humidity change ranging from 10 to 70%. Moreover, after the
gate voltage application, the lengthy process of saturation occurs.
However, in common continual back gate trace measurements, an
almost immediate change of resistance caused by an applied voltage is
required, as the process of the long-lasting saturation (exponential
course) brings a side effect of hysteresis into the measurement. With
respect to that, it is reasonable to ask how to experimentally resolve
the problem of hysteresis and corresponding ambiguity for sensors
operating in the atmosphere. This implies a specific question, what is
the shortest necessary time to get a full response of a sensor to an
application of gate voltage, which would not be significantly distorted
by the later saturation process?

To answer this question, an experiment recording the resistance
response to gate voltage pulses in small time steps was performed
(Figure 8a,c). The resistance response to a gate voltage pulse depicted
in Figure 8b is shown in Figure 8d. Here, the resistance was measured
in 0.2 s steps after gate voltage switching. The resistance response
achieved its full value approximately 2.4 s after the gate voltage
application (Figure 8b) and was not affected by the exponential decay
within the time interval between 2.4 and 5 s, as depicted in Figure 3.

The problem of the classical back gate trace hysteresis lies in the
long time period for which nonzero voltage is applied without
interruption and for which the sensor tends to saturate. For example,
the positive part of the classical back gate trace from 0 to 90 V and
backward takes almost 2 min (180 steps X 0.6 s/step = 1 min 48 s). In
comparison with that, the measurement applying the alternating gate
voltage eliminates the active time of measurement to S s.

To resolve the problem of hysteresis during sensing via back gate
voltage tracing, a series of short gate voltage pulses and corresponding
resistance responses can be utilized (Figure 8). Such a measurement is
free from hysteresis; however, it includes fewer data points than a
classical continual back gate trace measurement at the same time due
to switching between time-separated discrete back gate voltage pulses.
Figure 8a represents the individual measurement cycle composed of
18 gate voltage pulses delayed by one minute.

The experiment comparing a classical continual back gate trace
measurement and the modified methodology utilizing alternating gate
voltage pulses at three different levels of relative humidity, 40, 70, and
10%, is shown in Figure 9.

Figure 9ab shows the measurement performed by a standard
continual back gate voltage trace. Here, by increasing the back gate
voltage, the CNP shifts to the right (more positive gate voltages), and
by decreasing the back gate voltage, it shifts to the left. On can see this
hysteresis behavior in Figure 9b as an oscillation of the maximum
resistance (CNP) point in time depending on the direction of back
gate voltage changes.

The results achieved by the application of alternating gate voltage
pulses are depicted in Figure 9¢,d. Here, the sequence of gate voltages
0-10->0->-10-..-80—->0—->-80—->0—->90—>0-> -9
V was applied (see the inset of Figure 9¢c). The nonzero value of the
back gate voltage was kept for S s, while the zero back gate voltage
was applied for the rest 55 s to recover the sample from the previously
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Figure 9. Back gate voltage trace experiment using (a, b) the standard continual procedure (see the inset in (a)) and (¢, d) improved method based
on alternating back gate voltage pulses (see the inset in (c)) at three relative humidity values of 40, 70, and 10% (see the insets in (b, d)). The
positions of maximum resistance (mostly equal to CNP) highlighted by red dots indicate the presence of hysteresis in the case of the standard
continual procedure (b) and the absence of hysteresis in the case of the improved method (d).

gate voltage application. The value of resistance was read 2.4 s after
the application of the nonzero gate voltage. In measurements done in
this way, the hysteresis behavior (the difference between CNP peak
positions for increasing and decreasing gate voltages) did not occur
(Figure 9¢,d), while in the continual back gate trace, the hysteresis
was present (Figure 9a,b). At the high relative humidity of 70%, the
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CNP peak was 80 V (Figure 9c, blue curve), for the low RH = 10%,
the CNP peak was 60 V (red curve), and for the middle-level RH =
40%, it was 70 V. Contrary to the standard back gate voltage trace,
there is no CNP oscillation and the sensor reacted on the level of RH
only. Hence, the utilization of the alternating back gate trace solves
the problem of hysteresis by minimization of the time of gate voltage
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Figure 10. Schematic of the electron trapping mechanism in physisorbed water. (a) Initial state in ambient conditions. (b) Immediate changes after
the gate voltage application. (c, d) States after a longer gate voltage application (c) at lower and (d) higher humidity.

application (avoiding the lengthy saturation process) and by
application of the zero gate voltage (resuming the original equilibrium
in the system).

B DISCUSSION

In the previous chapters, the problem of hysteresis
accompanying the sensor response in atmospheric conditions,
its enhancement with higher humidity, and a solution by the
application of short alternating gate voltage pulses instead of
the continuous back gate tracing were described. The following
questions remain: what is the reason behind the appearance of
hysteresis? and what are the fundamental causes of it?

To propose a consistent explanation, two assumptions with
respect to water behavior at the graphene—water interface will
be made.

First, let us assume that physisorbed water covers the
graphene surface at a certain relative humidity. The presence of
such a water coverage in the form of droplets was directly
proved by Hong et al.”’ using an environmental scanning
electron microscope (ESEM). Unlike chemisorbed water (e.g,,
in the form of OH groups) and water captured under
graphene, the amount of water physisorbed on graphene is
changing quite flexibly with the relative humidity.

Second, the physisorbed water can bind electrons (due to
the relatively high electron affinity reaching a value of 0.8 eV
for the water surface®®). Therefore, water can trap some mobile
electrons from graphene and make them immobile. Here,
immobility means the removal of electrons from graphene
charge carriers. However, the electrons trapped by water can
still move by much slower diffusion processes inside the water.

Based on this assumption, the presented experiments can be
explained by the mechanism depicted in Figure 10. Initially,
the water is physisorbed on the graphene surface proportion-
ally to the relative humidity (Figure 10a). As discussed above,
in our experiments, graphene was p-doped (Figure 2). The
original graphene p-doping is probably caused by water
chemisorbed at the graphene—SiO, interface and thus
captured under graphene, and only a small fraction of this
doping is caused by water physisorbed on top of graphene. At
this state, the Fermi level in the graphene cone is below the
Dirac point, and hence, the major charge carriers providing the
source—drain current (I;) are holes.

Immediately after the positive gate voltage application, the
mobile electrons flow into graphene, shifting the Fermi level up
close to the Dirac point and causing a strong resistance
increase (Figure 10b).
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After that, the electrons from graphene are gradually trapped
by water physisorbed on the graphene surface and diffuse
deeper into the water droplet (Figure 10c). Due to this
continual process, the Fermi level shifts down further from the
Dirac point and also the resistance decreases. Since the
trapping and diffusion of electrons in water are slow, the
process having an exponential time course takes a long time
(Figure 3). At higher relative humidity values, the higher
amount of physisorbed water can trap more electrons, and
consequently, the process is more profound and the resistance
decreases more quickly (Figures 10d and 3). Hence, it is worth
noting that contrary to the physisorbed water molecules on the
graphene surface, the concentration of chemisorbed water
molecules captured under graphene is practically independent
of RH**? and remains the same (see below).

This phenomenon is similar to the diffusion of charge into a
gate-insulating (SiO,) layer in field-effect transistors
(FET)*~" observed when this insulating layer contains an
increased number of charge traps. These traps are often
produced during the fabrication process of the transistor,
especially by lithography steps using high-energy particles (e.g,,
by electron beam lithography) or radiation (e.g, X-ray
photons).**~* If similar traps were present in our graphene-
based FET sensors, then they would exhibit hysteresis and
exponential saturation also in UHV conditions, which was not
true, as can be seen from Figures 2b and 4. Moreover, the
fabrication technology used here was much gentle optical
lithography. Hence, based on these facts, the most probable
reason for the exponential decrease and saturation of the
resistance with time, which is responsible for hysteresis
behavior, is the trapping of electrons by physisorbed water.

Generally, the graphene FET can be protected against water
molecules by suitable coverage. On the other hand, graphene
in biosensors is directly exposed to water solutions, and the
presented mechanism of electron trapping by physisorbed
water can be crucial.

The relationship between the source—drain current (I4)
used for resistance determination and the applied back gate
voltage (Ug) can be described by the following assumption
that this current within graphene is dependent on the absolute
difference between the Fermi energy (Ep) and the energy of
the Dirac point (Epp)

Ig ~ |Eg — Epypl (1)
where the Fermi energy is proportional to the concentration of
mobile electrons in graphene (ng,) as follows™®
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B = sgn(ng,)hvg\/zlng,| 2)

Here, 7 is the reduced Planck constant and vg is the Fermi
velocity of electrons in graphene. The total concentration (1)
of electrons, given by the concentration of mobile electrons in
graphene (ng) and concentration of immobile electrons
trapped in physisorbed water on graphene (ny), is propor-
tional to the back gate voltage

n=fg t Ago = a-Vg (3)
The current is determined only by electrons remaining in
graphene—see eqs 1 and 2. The resultant concentration of
these electrons (ng,) depends on the effectivity of the trapping
and diffusion of electrons inside the physisorbed water, which
is a lengthy process and takes much time than fast electronic
gate switching.

In the proposed model, three different processes can be
distinguished according to their speed. First, the fast delivery of
electrons into graphene after the application of back gate
voltage, taking up to S s (Figure 8). Second, the medium-fast
process of changing physisorbed water coverage after changing
the relative humidity, taking up to 1 min, which was observed
by Hong et al.”” Finally, the slow process of gradual charging of
physisorbed water by electrons from graphene and their
diffusion into the physisorbed water, taking several minutes
and more (Figures 3 and $).

In the presented explanation, the main responsibility for the
hysteresis is carried out by the physisorbed water above
graphene whose amount can be easily changed by the relative
humidity. On the other hand, part of the physisorbed water is
also present under graphene at the silica—graphene interface.
However, this water is firmly captured by graphene, which is
water-impermeable.”” The only way through which water can
penetrate under graphene is through the edges. This process is
however extremely slow and takes days (from 26 h to 70 days)
even in the case of a few-micrometer graphene flake on silica
completely submerged in water, as proved by Lee et al”’
However, the onset of hysteresis, when the relative humidity is
increased, is almost immediate (Figure 2c). Therefore, we
assume that the water under graphene is responsible for overall
original p-doping (Figure 2c, blue curve), and after its removal
by annealing in vacuum,”’ the sample is almost undoped
(Figure 2c, red curve), while the physisorbed water on
graphene easily controlled by the RH level is responsible for
the occurrence of hysteresis (Figure 2d).

B CONCLUSIONS

The ambient transport experiments showed the hysteresis
behavior of graphene sensors in a FET configuration increasing
with relative humidity and its complete elimination in UHV
conditions. The origin of this hysteresis was attributed to the
slow trapping of graphene electrons by water physisorbed on
graphene, the amount of which is controlled by the relative
humidity. It is demonstrated that this problem can be resolved
by the application of short alternating gate voltage pulses
during back gate trace measurements, allowing the fast
electronic processes in graphene and suppressing the slow
processes as electron trapping and their diffusion in water. In
FET transistors, protection cover layers of graphene can
effectively eliminate the problem of hysteresis. However, in the
case of FET-based sensors and biosensors, where graphene has
to be exposed to ambient and water conditions, the principle
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and method proposed in this article should be of assistance in
understanding and suppression of the hysteresis effect.
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