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Graphene field effect transistors (GFETs) fabricated by chemical vapor deposition graphene
deposited onto SiC substrates exhibit sensitivity to broadband visible light. The hysteretic nature of
this GFET type was studied utilizing a new current-voltage measurement technique in conjunction
with current-time measurements. This measurement method accounts for hysteretic changes in
graphene response and enables transfer measurements that can be attributed to fixed gate voltages.
Graphene hysteresis is shown to be consistent with electrochemical p-type doping, and current-time
measurements clearly resolve a hole to electron to hole carrier transition in graphene with a single
large change in gate voltage. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816426]

The unique properties of single layer graphene, such as
its high electrical conductivity, large carrier mobility, and
ambipolar behavior make it an attractive material of study
for electrical device applications.'™ The ambipolarity of
response of graphene is manifested by a maximum in resis-
tivity at a given external electric field, known as the Dirac
point.* Near the Dirac point, the resistance of graphene is
especially sensitive to local changes in electric field, ena-
bling the development of graphene field effect transistors
(GFETs) with unique operational characteristics that result
from this ambipolar response.’°

Hysteretic effects have been widely observed in current-
voltage (Isg-Vpg, sd = source—drain, bg = backgate) transfer
measurements of GFETS, causing the shape of the transfer
curve and the location of the Dirac point to be dependent on
direction, speed, and range with which gate voltage sweeps
are performed.”"' The origin of this hysteresis has been
shown to be electrochemical doping of the substrate material
on which graphene is deposited.'? Electrochemical p-type
doping may be introduced during device fabrication, or after
exposure to environments containing H,O and O,, or
NO,."*7"* Electrochemical doping involves electron transfer
to or from graphene via a redox reaction: O, + 2H,O + 4e¢~
(graphene) <= 40H ™. The direction of the reaction is deter-
mined by the relative height of Fermi energy levels of the
graphene and the redox solution, the former being controlled
by gate bias and the latter by the density of redox states.'>'”

Systematic studies have explored the hysteresis occur-
ring in GFETs on Si/SiO, substrates’~'"'>'® by varying the
Lg-Vye sweep parameters. The time evolution of graphene
resistance in the presence of electrochemical species on Si/
Si0,"*!'*1771% and in aqueous solution®” has also been stud-
ied. While previous studies have already examined the hys-
teresis effect of chemical vapor deposition (CVD) graphene
on Si/Si0,,%'""*? this letter provides insight into the hysteretic
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nature of GFETs utilizing CVD graphene on SiC substrates.
This insight arises from the use of a time-dependent charac-
terization of the GFET through graphene current vs. time
(Isg-t) measurements. To aid in I3t measurement analysis, an
L4-Vye technique was developed that measures a graphene
transfer curve while being effectively kept at a fixed gate volt-
age. In all measurements, current (Iyy) is converted to resist-
ance. Such studies can provide understanding into the
operation of graphene-based devices with hysteretic behavior
for memory devices,”'**?” chemical sensing,'*'*2%**=! pho-
todetectors,”*** and ionizing radiation detectors.**

Since SiC is a semiconductor with a bandgap of approxi-
mately 3eV (at 300K for 6 H), its conductivity is sensitive
to photons with 4 =< 413 nm. Photons of these wavelengths
are available on the UV end of the broadband visible light
spectrum. In the absence of illumination by broadband visi-
ble light, the SiC substrate is highly resistive, and the applied
backgate voltage, Vi, drops uniformly across the substrate.
The relatively large thickness of the SiC substrate (in our
design dg;c = 300 um) results in a relatively small electric
field (E = Vy4/dsic in a plate capacitor model). Graphene re-
sistance is then governed primarily by the electric field
resulting from trapped charges. When exposed to broadband
visible light, the SiC substrate becomes partially conductive,
increasing the electric field present at the graphene.
Experiments show that the exposure to light can induce a
sufficiently large change of electric field to overcome the
capacitive shielding produced by trapped charges, as evi-
denced by the presence of Dirac peaks in Figure 1. To effec-
tively characterize the GFET resistance in the vicinity of
Dirac point by use of moderate backgate voltages, the top of
the GFET was exposed to broadband visible light. The light
was provided by a 13 W compact fluorescent bulb. The entire
SiC chip area (0.3 cm?) was exposed to the light. The Dirac
point voltage, V4, is dependent on the voltage sweep direc-
tion, as evident in Figure 1 and reported in prior studies.”*"!
The positive values of V4 indicate p-type doping of

© 2013 AIP Publishing LLC

Downloaded 09 Aug 2013 to 128.210.68.204. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4816426
http://dx.doi.org/10.1063/1.4816426
http://dx.doi.org/10.1063/1.4816426
mailto:ejc149@psu.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4816426&domain=pdf&date_stamp=2013-08-02

053123-2 Cazalas et al.

8.5

8.0

N N
©

Resistance (kQ)
o
[

6.0 . oo
55 1 C ]
& : ' mi ed

500 sss s v presmr e s

a : : : : : :

- -15 -10 5 10 15 20
Backgate Voltage (V)

FIG. 1. Transfer curves (I-Vp,) with GFET in illuminated and un-
illuminated conditions. The sweeps are performed with backgate voltage
changing in “forward” (red) and “backward” (blue) directions, indicated by
the arrows. A sweep speed of |[dVy,|=1V/s was utilized. Hysteresis of
Dirac points of 9V was observed when GFET is illuminated. The conduct-
ance at V4 was 29.7 uS/square (graphene dimensions are 4 x 1 yum).

graphene, and the hysteretic and doping characteristics in
Figure 1 are consistent with electrochemical doping.'>*
Graphene measurements were conducted at room tempera-
ture and in ambient air.

Many studies have been conducted to characterize
the dependence of the GFET hysteresis on sweep speed
(V/s).”7%2123=25 Figure 2 illustrates the underlying cause of
this dependence in our experiment. Graphene resistance
varies significantly with time when responding to changes of
backgate voltage. High rates of voltage change were utilized
to obtain a better insight into the hysteretic behavior. As
observed in Figure 2, graphene resistance eventually stabil-
izes, reaching an asymptotic value. Stabilization (or relaxa-
tion) requires applying a single backgate voltage on the
order of the period required for the density of redox states to
come to equilibrium in response to a change in electric field
by a gate voltage.'? The time for graphene resistance to fully
stabilize in response to a change in backgate voltage is on
the order of minutes, and is comparable to that observed in
previous studies.?'**

A measurement technique was developed which is partic-
ularly suitable to simultaneously (1) minimize the hysteresis

8.5

Time (s)

FIG. 2. Time dependent hysteretic graphene response (Ig4-t) from instantane-
ous change in backgate voltage for Vy,=-20V (0-300s, red) to OV
(300-600 s, black) to 420V (600-800 s, blue). The applied backgate voltage
(Vi) time profile is shown in green (right axis). Vp, = 0V at the beginning
of the measurement.
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induced by the measurement and (2) obtain the transfer curves
for a hysteretic GFET at any given operating voltage. The
technique is based on an Iy4-Vy,, measurement method that sta-
bilizes the graphene resistance at a backgate voltage between
discrete voltage sweep steps. While this I 4-Vy,, measurement
method is similar to “pulse” type transfer measurements,** %
this technique was developed to allow transfer curve character-
ization at any given V,,, that may be desired for GFET opera-
tion while also considering the graphene response speed. It
was empirically determined that the amount of time usually
required to reach a resistance minimum immediately following
a step change in sweep voltage was ~10s, as shown in Figure
2. The resistance minimum during application of sweep volt-
age is selected as a point of importance as it is when hysteretic
effects begin to dominate graphene response. A 20s stabiliza-
tion time was selected, sufficiently long for graphene resist-
ance to stabilize, except when there was a significant
difference between the sweep voltage and the selected stabili-
zation voltage. This is illustrated in I-t response in Figure 3,
which shows that as sweep voltages become greater than
Ve =9V (or at times greater than 8905), the graphene resist-
ance no longer stabilizes over the same period. However, this
incomplete stabilization does not affect V4. The switching of
the backgate voltage between sweep and stabilization voltages
causes the oscillating behavior in graphene resistance in
Figure 3. Figure 3 illustrates how an I4-Vy, transfer curve is
generated from an I 4-t measurement. The [4-t measurement is
conducted by switching the backgate voltage between the sta-
bilization voltage (Vy, = —20 V) and a monotonically increas-
ing sweep voltage, which steps from V,, = —20V to +20V
in 1V intervals. The resistance of graphene at the end of each
sweep interval in the I4-t measurement is recorded as the re-
sistance for that backgate voltage in the Iy-Vy, transfer curve.
As shown in Figure 3, the resistances recorded from the Ig4-t
measurement are traced, forming the transfer curve shown in
Figure 4 (for a forward sweep at Vi, = —20'V).

Using the described Ig-Vy,, measurement method, the
transfer curves for backgate stabilization voltages of
Ve =—20, 0, and +20V were measured and are shown in
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FIG. 3. Time dependent graphene resistance (red, left axis) in I4-t forward-
sweep measurement for a stabilization voltage of Vi, = —20. The time de-
pendence of Vi, is shown in green (right axis). Each grid spacing comprises
30s; the first 10s was used to apply the sweep voltage, while the last 20s
was used to allow stabilization at Vp, = —20 V. A guide to eye transfer
curve (black) was traced through recorded data points taken for Iy-Vy,
measurements, matching the Dirac peak given in Figure 4 for a forward
sweep with stabilization Vy, = —20 V. At time 0's, backgate voltage shifts
from Vpg =0V to =20 V.
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FIG. 4. Transfer curves (I-Vyg) with stabilization at V,, = —20 V (red),
0V (black), and 420V (blue) for forward (FW) and backward (BW) sweep
directions. The vertical dotted lines represent voltage of stabilization/opera-
tion respective to the same color transfer curve. The Dirac peaks are located
above the respective stabilization voltages. The unfilled and filled data
points represent forward and backward sweeps, respectively. Hysteresis of
the Dirac point is reduced to 1, 2, and 3V for Vpg = =20V, 0V, and +20V,
respectively.

Figure 4. The measured V4 hysteresis was considerably
reduced for all stabilization voltages by use of this measure-
ment method, as can be seen by comparing Figures 1 and 4.
Transfer curves exhibit the characteristics consistent with
electrochemical p-type doping of graphene, as Vg shifts in
the direction opposite to the sweep direction.'>** The resid-
ual hysteresis present when this measurement method was
applied is due to the selected voltage stabilization step period
not being long enough for a complete stabilization of gra-
phene resistance to occur. The developed Iy-Vy,, measure-
ment technique can be used to appropriately account for the
hysteretic response of graphene when used as a sensor,
where a time-dependent resistance measured within a period
of time constitutes the signal. This signal can be correlated
to the transfer curve generated by the described method so
long as the transfer curve had been measured with the volt-
age sweep step time comparable to the characteristic dura-
tion of the signal.

The features of graphene response in Figure 2 can now be
explained with the aid of the I-Vy, measurement method.
An expanded view of Iy-t response with backgate voltage
shift of Vpg = —20V to OV is provided as an example in
Figure 5. The lower inset displays transfer curves stabilized at
Ve = —20 V and 0V (forward sweeps). Two key features are
present in I4-t response to a change in backgate voltage
observed in our GFET. The first feature (a, b) is dominated by
the capacitance formed by the backgate and graphene. The
slow response speed of our GFET (backgate leakage time con-
stant ~ 0.33s) allowed the Dirac point to be distinctly
observed between time points “a” and “b,” following a change
in backgate voltage. As the V4 point is crossed, the graphene
switches from hole to electron carrier type. In related experi-
ments we conducted, the transient occurrence of the Dirac
point could not be observed in exfoliated graphene on doped
Si due to the relatively small capacitance that results in fast
device response, similar to observations by Martinez et al.*®
and Wu er al.?® As evidenced in Figure 5, the inflection point

Appl. Phys. Lett. 103, 053123 (2013)
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FIG. 5. An expanded view of Figure 2 (280-580 s), showing the I;4-t response
with backgate change of Vp, = —20V (red) to 0V (black). The bottom inset
shows the experimentally obtained transfer curves using the developed Is-Vig
method for backgate voltages stabilized at Vi,, = —20 V (red) and 0V (black).
The upper inset shows the energy spectrum of graphene carriers. Both inset
figures illustrate the abrupt increase of the graphene Fermi energy in response
to a backgate change (a to b) and the Dirac peak shifting due to charge transfer
from graphene to doping species (c to d).

“b” has a minimum resistance that is approximately equal to
the resistance at Vp, =0V in the transfer curve stabilized at
Ve = —20 V. The second feature, occurring between points
“c” and “d” in Figure 5, arises from the trapping of electrons
from graphene by the underlying dopant species through re-
dox reactions, causing the eventual p-doping of graphene.
During this time, V4 slowly shifts from —5V to 7V and the
graphene reverts back to hole from electron carrier type.
Graphene resistance in Figure 5 eventually approaches the re-
sistance at Vi, =0V for a transfer curve stabilized at Vi, =0
V in Figure 4. In retrospect, each voltage sweep step of Figure
3 can be explained similarly for Vi, > V4. When Vi, < Vg,
the Dirac point is not crossed and therefore not observed in
Iyg-t measurements. It is expected that performing the Ig4-t
measurement, as done in Figures 2 and 5, in the backward
direction (Vpg = +20V to 0V to —20V) will maintain hole
carrier type in graphene, as the Dirac point is never traversed.

The hysteretic nature of CVD graphene on SiC substrates
was experimentally studied and found to be consistent with
electrochemical doping through redox reactions. Our GFET*
was also found to be sensitive to broadband visible light. The
hysteretic behavior was studied with complimentary Isy-Vipg
and I-t measurements, which reveal a response consisting of
a fast and a slow component. The fast component is attributed
to GFET capacitance, while the slow component is attributed
to electron transfer through redox reaction. Graphene carrier
type was observed to switch from hole to electron, and back to
hole following a relatively large positive change in backgate
voltage. To aid the understanding and analysis of the hysteretic
Ii4-t esponse, an Iy-Vy,, measurement technique was devel-
oped that accounts for the graphene hysteresis. This technique
enables the characterization of hysteretic GFET response while
at a desired operating gate voltage, useful in signal detection
applications that rely on modifying the local electric field
experienced by graphene.

This work was funded in part by the Department of
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Foundation (NSF) through the Academic Research Initiative
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