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Intrinsic device-to-device variation in graphene field-effect transistors
on a Si/SiO, substrate as a platform for discriminative gas sensing
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Arrays of nearly identical graphene devices on Si/SiO, exhibit a substantial device-to-device
variation, even in case of a high-quality chemical vapor deposition (CVD) or mechanically exfoliated
graphene. We propose that such device-to-device variation could provide a platform for highly
selective multisensor electronic olfactory systems. We fabricated a multielectrode array of CVD
graphene devices on a Si/SiO, substrate and demonstrated that the diversity of these devices is
sufficient to reliably discriminate different short-chain alcohols: methanol, ethanol, and isopropanol.
The diversity of graphene devices on Si/SiO, could possibly be used to construct similar multisensor

systems trained to recognize other analytes as well. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861183]

Because of its excellent electrical properties, such as high
conductivity and charge carrier mobilities, graphene is a prom-
ising material for future electronics.'™ Graphene sheets are
produced by different techniques, such as micromechanical
cleavage, vacuum decomposition of SiC,” chemical vapor
deposition (CVD),*® carbon nanotube unzipping,”™' and
reduction of graphene oxide (GO),'>"? but regardless of the
preparation method, significant device-to-device variations in
its electron transport properties are often reported. For exam-
ple, the conductivities of two-terminal devices based on indi-
vidual monolayer flakes of a reduced GO (rGO) vary by at
least an order of magnitude,'*'> and similar results have been
reported for electronic devices based on graphene nanoribbons
prepared by the oxidative unzipping of carbon nanotubes.'®!’
Such device-to-device variations could be attributed to the fact
that rGO has an irregular atomic structure that comprises
nearly perfect graphene domains, oxidized regions, and nano-
scopic holes.'>'* However, even for a much higher quality
CVD-grown graphene, substantial device-to-device variations
are also observed.'®'?

Graphene flakes prepared by a micromechanical exfolia-
tion are commonly believed to have the highest structural qual-
ity compared to graphene samples prepared by other
techniques." However, Figure 1 shows that the device-to-de-
vice variations in arrays of field-effect transistors (FETs) based
on graphene prepared by the micromechanical exfoliation* and
CVD could be comparable. Figure 1(a) shows an array of 25
two-terminal devices with CVD graphene channels and Cr/Au
contacts (see supplementary material®® for experimental
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details on graphene growth and device fabrication). For com-
parison, we also fabricated four two-terminal devices based on
a graphene flake prepared by the micromechanical exfoliation
(Figure 1(b)). Both this flake and CVD graphene were mono-
layer, which was confirmed by Raman spectroscopy: all meas-
ured spectra exhibited narrow symmetric 2D bands centered at
~2677 cm™ " and G-to-2D intensity ratios of ~1:2.%!

Electrical measurements of graphene devices of both
types were performed in vacuum after the devices were kept at
a pressure of 3 x 10 ° Torr to minimize the doping effect of
surface adsorbates.” Figures 1(c) and 1(d) shows that FETs
based on both CVD and exfoliated graphene exhibit a signifi-
cant device-to-device variation. In case of the CVD graphene,
devices with geometrically identical square (15 x 15 um?)
channels and same Cr/Au contacts have different resistances in
the range from 8 to 18 kQ when measured without applying
the gate voltage. Furthermore, the charge neutrality point (Vyp,
point of the highest resistance) observed in the source-drain
current (/,;)—gate voltage (V,) curves (Figure 1(c)) is different
for all 25 devices, ranging from —5 to 2 V (Figure 1(e)), which
indicates a different charge doping level in these devices. The
charge carrier mobilities also show a wide distribution, varying
by nearly an order of magnitude—for example, at V,=10V
the hole mobilities range from 420 to 2630 cmz/V~s for differ-
ent devices in the array.

Device-to-device variation could be in part explained by
the fact that the graphene grown by CVD is typically poly-
crystalline with misaligned domains separated by grain
boundaries.”*** Therefore, it is likely that different devices
in this 5 x 5 array contained graphene channels with differ-
ent defect concentrations, which is in agreement with the
results of Raman spectroscopy. We have measured Raman

© 2014 AIP Publishing LLC
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FIG. 1. (a) SEM image of an array of 25 devices based on a monolayer gra-
phene grown by CVD. The inset shows SEM image of a typical device in
this array. Numbers indicate the device numeration; same numbers are used
in panels (c) and (f). (b) SEM image of four devices based of a monolayer
sheet of a mechanically exfoliated graphene. (c) Transfer characteristics of
ten representative devices based on a CVD graphene, see panel (a). (d)
Transfer characteristics of four devices based on a mechanically exfoliated
graphene, see panel (b). (e) Vyp values for different devices shown in panels
(a) and (b). (f) Raman spectra of four representative devices based on a
CVD graphene, see panel (a). (g) Raman spectra of four devices based on a
mechanically exfoliated graphene, see panel (b). (h) 2D-to-G intensity ratios
for Raman spectra for all devices shown in panels (a) and (b).

spectra for all 25 graphene devices in the array (four repre-
sentative spectra are shown in Figure 1(f)) and found a sig-
nificant variation in relative intensities of G, D, and 2D
bands for different segments. In particular, we observed a
strong D band for some of the segments, which is indicative
of a high concentration of structural defects in graphene
(Figure 1(f)). At the same time, in some graphene devices in
the array the D band was barely visible (Figure 1(f)).

Thus, Raman spectra confirm that CVD graphene seg-
ments in the 5 x 5 array had different defect concentrations,
which should contribute to the observed device-to-device varia-
tion (Figure 1(c)). However, a noticeable device-to-device vari-
ation (Figures 1(d) and 1(e)) was also observed for FETs based
on higher quality exfoliated graphene segments (Figure 1(d)),
for which the Raman spectra were nearly identical (Figures
1(g) and 1(h)). Therefore, these experiments show that a de-
vice-to-device variation in a graphene FET array cannot be
solely explained by an intrinsic structural quality of graphene.

Appl. Phys. Lett. 104, 013114 (2014)

The extrinsic factors, such as non-uniform charge distribution
on a surface of a Si/SiO, substrate,”® graphene-metal contact
effects,” and charged impurities® that could be caused by sur-
face adsorbates’ as well as by polymer residues,?® could signif-
icantly contribute to the effect.

To illustrate the effect of the surface contamination on
the device-to-device variation in graphene FETs we fabri-
cated similar 5 x 5 arrays of FETs similar to the one shown
in Figure 1(a), which were based on CVD graphene samples
prepared using different Cu etchants, iron (III) chloride
(FeCl3) and potassium persulfate (K,S,0Og). Although FeClj
is a common Cu-based etchant used in the numerous studies
of CVD graphene,29 several reports indicate that persulfate
etchants yield cleaner graphene samples.’' Graphene was
grown by CVD on a 1 x 1 cm? Cu foil, which was then cut in
two pieces, and graphene from one piece was transferred to
Si/SiO, using FeCly etchant, while graphene from another
one was transferred to Si/SiO, using K,S,Og etchant (see
supplementary material®® for more details). Optical photo-
graphs of these samples show that graphene transferred using
FeCl; etchant is indeed covered with surface contaminants,
whereas graphene transferred using K,S,0g etchant looks
much cleaner (Figures Sl(a) and S1(b)*9). Accordingly,
FETs fabricated from contaminated graphene, which was
transferred using FeCl; etchant, exhibit a significant device-
to-device variation, as the Vyp values for different devices
range from —7 to >30V (Figure S1(c)*®). In contrast, FETs
fabricated from cleaner graphene, which was transferred
using K,S,0g etchant, exhibit much smaller device-to-device
variation (Vyp values range from 3 to 6V; see Figure
Sl(d)zo). These results underscore the importance of a care-
ful etching to minimize the variability of graphene FETs.
Yet, even the FETs based on graphene transferred using
K,S,0¢ etchant are not identical (see Figures 1(c) and
S1(d)'?), which could be caused by the effect of Si/SiO, sub-
strate.”* Si/SiO, substrate is known to have a profound effect
on the electronic properties of graphene since the charge car-
rier mobilities in graphene devices increase by an order of
magnitude if graphene is suspended®~* or placed on an
atomically flat crystalline substrate.*> However, an interest-
ing question is whether this device-to-device variation could
actually be beneficial for certain applications.

In this Letter, we propose that variability in resistivity
along the array of nearly identical graphene devices could be
employed as a platform for selective gas detection.>
According to the recent study by Kumar et al., substrate
defects have a strong effect on sensor properties of graphene
devices.** Therefore, one can expect that multiple sensors
based on graphene deposited on a Si/SiO, substrate should
have variability in electronic sensor properties due to the sto-
chastic substrate defects. An array of nonidentical sensors,
for which the data are processed using pattern recognition
algorithms could be considered as an electronic nose
(e-nose; see reviews 35 and 36, and references therein).
E-nose systems demonstrate very high selectivity in analyte
recognition: although the intrinsic selectivity of a sensing
material may be low, the combination of several segments in
an array has a very large information content. An e-nose sys-
tem is first calibrated to create a library of analytes of inter-
est, and in the following recognition experiments the
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measured analyte signals are compared with ones recorded
in the library.”” For the best performance of an e-nose system
the segments of an array should exhibit a substantial variabil-
ity in their sensor properties. Therefore, due to the discussed
variability in properties of graphene devices on Si/SiO,, an
array of such devices appears to be a promising platform for
an effective e-nose system.

In general, graphene-based gas sensors are known for their
poor selectivity, although their sensitivity could be very high. It
was demonstrated by Schedin et al. that individual graphene
FETs could detect single events when a gas molecule attaches
to or detaches from graphene’s surface.”” Since adsorption of
acceptor molecules results in p-doping of graphene, whereas
donor molecules cause n-doping, the FET measurement could
be used to distinguish between donor and acceptor molecules.?’
But recognition of two molecules with similar (donor or
acceptor) properties would be very challenging and may require
additional characterization, such as the analysis of the low-
frequency noise spectra.38 As we demonstrate in this Letter,
application of an e-nose concept to graphene sensors could be
another approach to solve the selectivity problem.

As a platform for a graphene e-nose system, we
employed a multielectrode KAMINA chip developed at
Karlsruhe Institute of Technology (KIT),* see Figure 2(a).
Previously, these multielectrode chips were successfully
used in other studies of e-nose systems based on semicon-
ductor nanomaterials®®** and graphene oxide.*' The working
part of the chip consists of a Si/SiO, substrate with 39 Pt
electrodes wire-bonded to a ceramic frame (Figure 2(b)). A
rectangular sheet of a monolayer CVD graphene was trans-
ferred to the Si/SiO, substrate thus forming 38 graphene
devices with Pt electrodes (Figure 2(b)); each device
(segment) in this array could be measured independently.
Figure 2(c) shows [-V curves measured in air for all devices
in the array. The linear character of these curves indicates
Ohmic contacts between the CVD graphene and Pt
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FIG. 2. (a) Optical photograph of a KAMINA chip. (b) Optical photograph of
the working part of a KAMINA chip. Shown is a Si/SiO, substrate with 39 Pt
electrodes that is covered with a rectangular monolayer sheet of a CVD gra-
phene. (c) I-V curves measured in air for 38 graphene devices on a KAMINA
chip shown in panel (b). (d) Distribution of resistances of 38 graphene devices
on a KAMINA chip.

Appl. Phys. Lett. 104, 013114 (2014)

electrodes. Similar to the case of smaller devices fabricated
by e-beam lithography and dry etching (Figure 1(a)) the seg-
ments of the multielectrode chip also exhibit a significant
device-to-device variation. The segment resistances range
from ~200 to >800 k€, and the resistance distribution is sto-
chastic in nature (Figure 2(d)).

The device-to-device variability in graphene segments
of the multielectrode chip is a key requirement for their use
as an e-nose system. To demonstrate reproducible sensing
and reliable recognition properties of the sensor array we
tested its ability to discriminate between different short-
chain alcohols, such as methanol, ethanol and isopropanol.
Because of the high toxicity of methanol, it is practically im-
portant to reliably distinguish it from other alcohols.
However, due to the similar chemical nature of these analy-
tes, it would be challenging to reliably recognize them using
a single graphene sensor. The experiments were performed
in a nearly practical environment, i.e., under atmospheric
pressure, in a dry air background and at room temperature.

Gas sensing measurements were performed using a
custom-built gas system that is schematically shown in
Figure 3(a) and described in detail in the Experimental sec-
tion.”’ Briefly, the system contains two parallel gas lines
with independent mass flow controllers (MFCs). When the
gas valve is open, the graphene segments of the multielec-
trode chip are exposed to the flow of an analyte at a certain
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FIG. 3. (a) Experimental setup for sensor measurements (MFC—mass flow
controller; DAQ—data acquisition system); see supplementary material®
for experimental details. (b) and (c) Representative dynamic behaviors of
three different graphene segments in the multielectrode chip, exposed to
1000 ppm of (b) ethanol and (c) methanol in synthetic air. (d) Results of the
LDA processing of the sensor data generated by 38 graphene devices in a
multielectrode system in different recognition experiments; see text for
details. Vectors indicate the distances from the origin of the coordinate
system to the centers of clusters corresponding to different analytes (metha-
nol, ethanol, and isopropanol).
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concentration; when the gas valve is closed, the devices are
purged with a synthetic air (Figure 3(a)). The devices in
the array are measured in series using a switch system; all
38 devices were measured within 15 .

The sensing experiments show that the resistances of
graphene segments of the multielectrode chip reproducibly
change upon the exposure to different analytes. When a de-
vice is exposed to an alcohol vapor the resistance increases,
whereas a purge with a synthetic air results in the resistance
decrease (Figures 3(b) and 3(c)). While this behavior is only
shown for three selected devices upon their exposure to etha-
nol (Figure 3(b)) or methanol (Figure 3(c)), it has been
observed for all 38 segments when they were exposed to all
three analytes. We observed a significant baseline drift after
the first “exposure-purge” cycle, which is rather typical for
other gas sensors based on different nanomaterials,** but in
the following cycles, the baseline was stable. The response
and recovery time are in the order of minutes, which are
determined by the employed gas delivery system and as well
as low operating temperature and corroborates with prior data
on graphene based sensors.*’ These characteristics still could
be improved further via employing higher operating tempera-
tures, and/or using catalysts, etc. Most importantly, the 38
segments of the multielectrode chip that exhibited a signifi-
cant device-to-device variation in their electrical properties
(Figure 2(d)) also differ in their responses to the tested short-
chain alcohols. The responses of individual segments to dif-
ferent analytes deviate from each other both in their magni-
tude and response time (Figures 3(b) and 3(c)). As we
discussed above, these variations could be caused not only by
the structural non-uniformity of CVD graphene, but also by
the stochastic defects that are present on the surface of an
amorphous SiO, substrate.

The observed differences in sensor responses for 38 gra-
phene segments of the multielectrode chip are large enough
to allow the reliable discrimination of methanol, ethanol and
isopropanol at a concentration of 1000 ppm. We processed
the sensor responses excluding the first “exposure-purge”
cycle by the pattern recognition technique based on Linear
Discriminant Analysis (LDA).** This technique transfers
the multidimensional sensor signals to a reduced two-
dimensional space where the sensor responses of
38 graphene segments are grouped into separate clusters rep-
resenting different analytes; the distances between vectors
corresponding to different clusters are maximized to ensure
reliable gas recognition. Figure 3(d) shows the results of the
LDA processing of the data from the graphene-based multie-
lectrode chip with the confidence probability of 0.99, demon-
strating the capability of this sensor array to reliably
discriminate the short-chain alcohols used in this study.

An array of graphene devices could recognize different
alcohols due to the discussed device-to-device variability,
and not due to any specific selectivity of graphene to alcohol
adsorbates. Therefore, the same diversity of graphene devi-
ces on Si/SiO, could be the basis for e-nose systems trained
to recognize other analytes as well. In general, e-nose sys-
tems benefit from larger numbers of segments and/or their
higher diversity. An additional diversity could be introduced
to the system, for example, through a selective chemical
functionalization of some graphene devices in the array

Appl. Phys. Lett. 104, 013114 (2014)
using diazonium chemistry,‘ls’46
direction for future studies.

In summary, we have demonstrated that arrays of
graphene devices on Si/SiO, exhibit a substantial device-to-
device variation, even if they have the same dimensions,
contact materials, and are based on a high-quality CVD or
mechanically exfoliated graphene. Such device-to-device
variation is a potentially negative factor for large-scale
graphene-based circuits, but as we demonstrate in this Letter,
it could be beneficial for sensor applications. In a proof-of-
concept experiment, we have fabricated an array of 38 gra-
phene devices on a Si/SiO, substrate, and demonstrated that
the diversity of these devices is sufficient to reliably discrim-
inate three different short-chain alcohols: methanol, ethanol,
and isopropanol. Such selectivity would be difficult to
achieve for an individual graphene-based sensor. Arrays of
graphene devices with a high diversity could possibly be
trained to recognize not only different alcohols but other ana-
lytes as well. Further research could also be focused on the
miniaturization of graphene multielectrode gas sensors and
increasing the diversity of different segments through selec-
tive chemical functionalization.

which might be a promising
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