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Reasonably-priced devices for the detection of toxic species in the atmosphere are critical for reasons of health. Previous research
work shows the promising detection capabilities of graphene. Thus, we demonstrate the gaseous response of our nanocrystalline
graphene field-effect transistors that can be fabricated hundredfold on a two inch substrate by our transfer-free in situ catalytic
chemical vapor deposition process. By means of Raman spectroscopy and near edge X-ray absorption fine structure nanocrystallinity
of the CCVD grown graphene films within the devices can be confirmed. Using a self-constructed vacuum probing station the
sensitivity of the fabricated devices is extracted from dynamic electrical sampling measurements. With respect to ammonia it is
found that the sensitivity is being higher than previously reported from other groups. Moreover, a comparable responsivity is achieved.
A deeper understanding of the origin of the high sensitivity, which we attribute to the nanocrystallinity, is given by backgate input
characteristics under varying ammonia concentration as well as from comparison with literature results on carbon nanotube gas
sensors. Furthermore, the origin and influence of ammonia on the hysteresis of our nanocrystalline graphene field-effect transistors
is discussed.
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For reasons of health protection the demand for environmen-
tal monitoring systems for the surveillance of harmful toxic gases
and vapors in the ambient atmosphere has increased over the re-
cent years. For such applications solid-state gas sensors are favored
as they can show significant changes in their electronic properties
upon contact with a toxin. Furthermore, they provide a highly scal-
able approach with low production costs."? In addition, appropriate
solid-state gas sensors provide the possibility of monolithic integra-
tion within silicon circuitry thus allowing the fabrication of compact
gas monitoring systems at low cost. In order to provide such sensors
with as high as possible sensitivities, semiconducting nanomateri-
als with high surface-to-volume ratios are preferred since the ratio
of the surface conductivity in relation to the bulk material conduc-
tivity is highest.> In this case, a change of the surface Fermi en-
ergy and thus surface conductivity through charge transfer of ab-
sorbed gaseous species,*> leads to a maximized change of the total
conductivity.

Graphene, a two-dimensional carbon nanomaterial with one of the
highest surface-to-volume ratios, has first been experimentally demon-
strated by K. Novoselov and A. Geim in the year 2004.° Due to its
hexagonal sp? hybridized honeycomb lattice structure graphene shows
a linear dispersion relationship with a “zero bandgap” at the K points
of the Brillouin zone.>® Accordingly, small changes in the Fermi
energy can already lead to significant changes in the charge carrier
densities and consequently the electronic properties. For example, by
measuring the hall resistivity of a graphene device fabricated through
the micromechanical cleavage of graphite, the excellent sensitivity has
been demonstrated by the detection of single molecules of nitrogen
dioxide (NO,).” Additionally, other research groups have published
sensors on the basis of chemical vapor deposition (CVD) graphene
grown on copper or nickel substrates that has been transferred to oxi-
dized silicon substrates,'*'* reduced graphene oxide,'*'® or epitaxi-
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ally grown graphene on silicon carbide (SiC) wafers.!”-!8 Nevertheless,
the origin of the mechanism, modifying the conductivity in graphene,
is not completely understood. So far, studies have shown that the
gaseous sensitivity of graphene devices seems to have their origin
in residual surface adsorbates,'® grain boundaries and defects in the
graphene crystal structure'"'>?° as well as defects in the underlying
substrate.?! In this context we have investigated the gaseous sensitiv-
ity of our nanocrystalline graphene field-effect transistors (ncGFETS),
which are fabricated by means of a PMMA-enhanced transfer-free
in situ catalytic chemical vapor deposition (CCVD) process.?>?* By
this method the ncGFETs are directly grown in their final positions and
can be electrically contacted through their respective lithographically
patterned metal catalyst sites (see Fig. 1c). Consequently, process-
ing or cleaning steps after the graphene deposition process can be
avoided.

Device Fabrication

Fabrication of our ncGFETs is done using a 2" silicon complemen-
tary metal-oxide-semiconductor (CMOS) process line, complemented
with the CCVD process for the graphene deposition. In the first place,
a silicon dioxide backgate dielectric is fabricated by dry thermal oxi-
dation, followed by the spin deposition of an additional carbon source
consisting of a 20 nm thin polymethyl methacrylate (PMMA) layer.
Subsequently, a lift-off photoresist is lithographically patterned prior
to the electron beam evaporation of the metal catalyst composed of thin
films of aluminum and nickel, each with a thickness of 10 nm (see Fig.
1a). Meanwhile, the PMMA in direct contact with the metal becomes
annealed. By the use of an ultrasonic assisted heated solvent bath
the lift-off photoresist and non-annealed PMMA is removed, leaving
behind the dedicated PMMA-metal catalyst sites (see Fig. 1b). The
substrates are then annealed in nitrogen gas at a temperature of 900°C
to initiate metal grain growth and cluster formation.”? Additionally,
the PMMA is pyrolyzed whereby the carbon becomes dissolved in
the metal catalyst.* After 5 minutes of annealing methane (CH,4) and
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Figure 1. Schematic flow for the fabrication of transfer-free in situ CCVD
nanocrystalline graphene field-effect transistors. (a) Patterned lift-off photore-
sist after evaporation of aluminum and nickel catalyst thin films (b) PMMA-
metal catalyst structures after Lift-Off (c) Final schematic representation of
ncGFET with respective source, drain and backgate terminals.

hydrogen (H,) are added into the CVD reactor for 10 minutes. During
this time the nanocrystalline graphene grows laterally extending over
the borders of the metal catalysts connecting the dedicated catalyst
sites. The final substrates are then again cooled down in nitrogen gas
yielding the final ncGFETs that are ready for use (see Fig. 1c). Figure 2
shows the respective photography and micrograph of an oxidized two
inch silicon substrate, containing hundreds of functional ncGFETs,
suitable for gas detection.
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Figure 2. Oxidized two inch silicon substrate containing hundreds of func-
tional ncGFETs. The bluish areas show the respective catalyst sites used as
electrical contacts as can be seen in the micrograph inset.

Materials Characterization

The analysis of the in situ CCVD grown material was done us-
ing a Horiba Labram HR 800 Raman spectrometer equipped with
a 632.8 nm red laser. Figure 3 shows typical Raman spectra that
have been acquired between the source and drain electrode terminals
of different ncGFETs. By comparison of our Raman spectra with
those from Ferrari et al.”> we can deduce on the G peak resonance at
around 1600 cm™' and the defect induced D peak at 1350 cm™'. How-
ever the measured G peak position of our nanocrystalline graphene
is higher than that of a pristine monolayer of graphene, which has
been determined to a wavenumber of around 1580 cm™' by Ferrari
et al.» According to Schmidt et al., who have analyzed nanocrys-
talline graphene, this up-shift can be explained as follows:>® By the
existence of chain defects in the graphitic structure a secondary defect
induced resonance peak at around 1620 cm™" appears that is superim-
posed with the primary G peak resonance.?® As a consequence of the
high density of defects the 2D peak at 2630 cm™! is highly damped
and split into the additional D 4 D’ resonance at 2910 cm™!.232% In
addition, 532 nm Raman mapping of the G (1605 cm™') and 2D peak
(2700 cm™") around the source and drain catalyst sites has been per-
formed. Visually enhanced Raman maps are shown in Figs. 4a and 4b,
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Figure 3. Raman spectra (632.8 nm) of typical ncGFETs measured between their respective source and drain terminals.
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Figure 4. Raman maps (532 nm) measured between source and drain catalyst
sites of a ncGFET (a) Intensity of G peak at 1605 cm~! (b) Intensity of 2D
peak at 2700 cm .

confirming a preferential growth of nanocrystalline graphene between
the source and drain regions of the devices.

In order to further discriminate between nanocrystalline graphene
and graphite the thickness of the nanocrystalline CCVD graphene
film has been measured by atomic force microscopy (AFM). For this
purpose, a step has been created by contact-mode scratch removal
of the nanocrystalline graphene that has been measured afterwards
using tapping-mode AFM. The resulting step profile is shown in
Fig. 5 ensuring a thickness of approximately 1 nm consistent with
3 layers of graphene.

Furthermore, the C-C sp? carbon structure of our nanocrystalline
CCVD graphene was investigated by means of near edge X-ray ab-
sorption fine structure (NEXAFS) analysis at the carbon K-edge. For
comparison purposes reference samples of graphene transferred onto
300 nm SiO,/Si and a water dispersion of 0.5 mg/ml graphene ox-
ide have been purchased from Graphenea. For the measurements a
graphene oxide film has been spin deposited onto a SiO,/Si wafer
from the dispersion. The NEXAFS experiments were performed
at the plane grating monochromator (PGM)*’ beamline of PTB
at the BESSY II synchrotron employing radiometrically calibrated
instrumentation.”®?’ Figure 6 shows the fluorescence yield spectra of
the NEXAFS analysis that have been normalized with respect to the
incident photon flux in the photon energy regime between 297 and
300 eV. For all three samples one can observe the * resonance being
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Figure 5. Profile line measurement of AFM thickness of nanocrystalline
graphene near catalyst.

consistent with the flat molecular orientation of the graphene sheets
on their respective surfaces.*’ Considering the */c* ratio, which is an
indication for the sp® carbon fraction,*' the highest ratio can be found
for the reference graphene sample with a value of n*/c* = 1.69, fol-
lowed by our nanocrystalline graphene with a ratio of w*/c* = 1.54.
The lowest ratio of t*/c* = 1.3 is found for the reference graphene ox-
ide sample, thus having a higher sp? content due to functional oxygen
groups. Furthermore, the reference graphene oxide sample shows a
signature at around 286 eV, which is absent in the NEXAFS spectra of
the reference graphene as well as the nanocrystalline graphene. When
taking a look at the smaller peaks of each of the NEXAFS spectra we
can identify a peak (A) at around 288.6 eV. From comparison with
the work of Preobrajenski et al.> we assign the origin of this peak
to be caused from transition metals that may remain from the high
temperature CVD growth process with catalysts made from either
copper or nickel.>* Further evidence for this assumption is obtained
from the NEXAFS spectra of nickel carbide, which may in our case
be formed during the cool-down phase of our fabrication process.?!**
Another peak, which is solely found in the case of our nanocrystalline
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Figure 6. Near edge X-ray absorption fine structure spectra of CCVD

nanocrystalline graphene, reference graphene on SiO,/Si and reference
graphene oxide on SiO,/Si both supplied by Graphenea.
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Figure 7. Dynamic response of a ncGFET upon exposure to 4ppmv ammonia
in vacuum at 300K room temperature (black line, left scale) and 425K (blue
line, right scale).

graphene, is positioned at around 287.5 eV (B). Under consideration
of our fabrication process using nitrogen gas we suggest that this peak
is related to incorporated nitrogen as evident from the work of Iyer
et al. as well as Geng et al.>>%*

To briefly summarize the presented results: (I) The thickness of the
CCVD grown material is 1 nm or less. (II) The G and comparatively
high D peak intensity of the Raman spectra indicate a high density
of defects in the CCVD grown carbon film thus leading to a highly
damped and split 2D peak. (IIT) The Raman maps of G and 2D peaks
confirm the preferential growth between the source and drain catalyst
sites. (IV) Spectra of NEXAFS measurements of our CCVD grown
films are very similar to reference spectra obtained from graphene
samples provided from Graphenea, both with strong ©* and weak
o* resonances confirming a flat molecular orientation, which is made
from C-C sp? carbon.*® Accordingly, we are confident that our CCVD
grown material is nanocrystalline graphene, similar to that used in the
work of Sun et al.’” and other research groups.?*#! Furthermore,
transmission electron microscopy (TEM) images and selected area
electron diffraction patterns (SAED) from a focused ion beam cut
have been previously investigated and published.*> From these mea-
surements the growth of layered graphene with a basal plane distance
of ~3.5 A has been confirmed. Finally, additional evidence is ob-
tained from conductive AFM measurements which have revealed the
presence of numerous electrical defects in the topologically smooth
conductive nanocrystalline graphene film.**

Ammonia Detection

For the characterization of the sensitivity of our ncGFETSs toward
ammonia a self constructed half-automatic wafer probing station in-
side a vacuum chamber is used. Inside the vacuum chamber a base
pressure of p = 4E-5 mbar is achieved, which can be systemically
flooded with calibrated gas mixtures through a mass flow controller
(MFC). The volume concentration of the gaseous species inside of the
vacuum chamber can then be derived from the vacuum pressure by
using the ideal gas law. For the electrical characterization the source
measurement units of an HP4156A semiconductor parameter analyzer
are connected with the respective metallic source and drain catalyst
sites of the ncGFETs as well as the wafer chuck for the global backgate
contact.

The dynamic response of a typical grounded backgate Vg = 0 V
ncGFET at a drain-to-source bias of Vpg = —300 mV is shown in
Fig. 7. The demonstrated typical ncGFET sensor exhibits a nominal
device width of W = 100 pm and a device length of L = 3 pum.
After 5 minutes of sampling of the intrinsic current flow the device
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Figure 8. Sensitivity of ancGFET upon exposure to different volume concen-
tration of ammonia at elevated temperature of 425K (black line, left scale) in
comparison with SnO»-based MQ-135 reference sensor (blue line, right scale).

has been exposed to a single pulse of 4 parts-per-million-volume
(ppmv) ammonia (Air Liquide NHj3, purity 99.999%) at 300K room
temperature (black line, left scale) and 425K (blue line, right scale).
Subjected to this ammonia pulse the device shows a steep increase of
the electrical conductivity leading to a room temperature sensitivity
of Syppmv,300k = 39.5%, where the sensitivity is defined as the ratio of
the change in conductivity over the intrinsic electrical conductivity,
as described by Equation 1.

S = (G-Gy) /Gy [1]

In comparison with other research groups, who reported sensi-
tivities of e.g. Sippm ~ 4%’ or Sigppm ~ 15%,'? our sensitivity is
rather high, comparable with that of a graphene oxide functionalized
ZnO sensor.'® We attribute this increased sensitivity of our devices
to the nanocrystallinity and thus high density of grain boundaries in
our graphene. This assignment is confirmed by Yasaei et al.,!' who
analyzed the sensitivity of individual graphene grain boundaries. Nev-
ertheless, only a very slow recovery of the initial state is observed at
room temperature. However, at elevated temperatures recovery is en-
hanced as was seen by Schedin et al.,” who annealed their graphene
device at 150°C for the recovery. For that reason we have repeated
the single pulse exposure of our ncGFET at a temperature of 425K.
In this case the ncGFET shows the same steep response, achiev-
ing an even higher sensitivity of Syppmy.425x = 80.6%. Furthermore,
the ncGFET shows a considerably faster recovery, reaching the in-
trinsic current flow after 7.5 minutes. Please note, that in this case
the recovery speed is limited by the evacuation rate of our vacuum
chamber.

Subsequently, we have determined the detection limits as well as
the linearity of our ncGFET ammonia sensors at a temperature of
425K by varying the volume concentrations of NHj3, as depicted in
Fig. 8 (black line, left scale). We observed that the ncGFETs are
capable of achieving stable levels of conductivity after 3 minutes
of exposure for each volume concentration tested, regardless of the
direction of pressure change, i.e. increasing or decreasing NH; con-
centration. However, the sensor response is not linear with respect to
NHj; volume concentration and conductivity change. As limited by
calibration gas leakage through the MFC, the minimum concentration
level which could be clearly detected is 100 parts-per-billion-volume
(ppbv). Moreover, from the electrical sampling measurement of Fig.
8, the transient behavior in terms of the rise time toy and the fall
time tyo is investigated. The response times are defined as the dura-
tions until 90% of the upper or 110% of the lower current thresholds
are achieved, respectively. By this method a rise time of toy ~ 60
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Figure 9. Backgate input characteristics of a ncGFET at 425K for the differ-
ent volume concentrations of ammonia used for the sensitivity measurement.
The solid lines lines indicate the branch of increasing ammonia concentration
whereas the dashed lines show the decreasing branch.

s can be extracted for any of the ammonia concentration changes,
whereas the fall time shows a variation of t;g &~ 65 + 10 s. For
comparison purposes the voltage signal of a commercial SnO,-based
MQ-135 ammonia sensor has been recorded as can also be seen in
Fig. 8 (blue line, right scale). The MQ-135 does not attain stable volt-
age signal levels for the various volume concentrations of ammonia.
Note that the reference sensor does not recover due to the absence
of oxygen. Anyway, the specifications of the MQ-135 do not cover
vacuum applications and requires at least 2% oxygen for calibrated
operation.

To obtain a deeper understanding of the mechanism of the gaseous
species on the electrical conductivity of our ncGFETSs, we have mea-
sured backgate input characteristics as shown in Fig. 9. Each input
characteristic has been recorded after 3 minutes of exposure to their re-
spective volume concentration, following the measurement procedure
of the previous sampling measurement. For clarity we have omitted
the measurement results of 2 ppmv, 800 ppbv, 200 ppbv, and 100
ppbv of the branch of decreasing ammonia concentrations in Fig. 9.
Therefore, a time of 9 minutes has passed between the measurement
of the 4ppmv and dashed 400 ppbv input characteristics. The final,
dashed input characteristic of the ncGFET in vacuum has been taken
after a total time of 60 minutes, cf. dashed lines in Fig. 9.

All input characteristics of our ncGFET show ambipolar behavior,
as is typical for graphene devices.® 238 This means the majority of the
current is induced by means of electron transport on the right branch
or hole transport on the left branch respectively. The charge neutrality
point is the position of minimum conductivity and described by the po-
sition at which the dominating transport regime changes from holes to
electrons or vice versa. Considering the ammonia exposure we can see
that the charge neutrality point becomes shifted toward a more nega-
tive backgate potential indicating increased electron doping. This is in
accordance with previous results from other research groups.®!> How-
ever, we also observe a global increase of the current flow implying a
secondary mechanism besides charge transfer doping. An analogous
phenomenon of a global conductivity increase was seen by Boyd et al.,
who analyzed the NO; sensitivity of carbon nanotube (CNT) networks
with varying amounts of junctions among the CNT. In their case the
rise in conductivity is explained by the lowering of the potential bar-
rier that is located at the junction between two CNT.* A similar effect
is also known from the grain boundary potential barriers of polycrys-
talline SnO,-based sensors.*> As the junctions among linked CNT can
be considered similar to grain boundaries we suggest that the exposi-
tion toward ammonia modifies the grain boundary potential barriers*®
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Figure 10. Hysteresis in the backgate input characteristics of a ncGFET at
425K in vacuum and under exposure to 4 ppmv of ammonia.

of our nanocrystalline graphene, thus leading to the increased current
flow and higher sensitivity of our ncGFETs. Additionally, we also ob-
serve a change of the slope of the current with respect to the backgate
electric field, thus implying changes of the effective charge carrier
field-effect mobilities. These changes may also be issued to modifi-
cations of the grain boundary potential barriers, which will affect the
current transport in the nanocrystalline graphene increasing the error
in the extraction of the charge carrier field-effect mobility. In view of
these restrictions, a low value of the effective charge carrier mobil-
ity in the range of 1 cm?/Vs has been extracted, which is typical for
nanocrystalline graphene.*® However, since the ncGFETSs are intended
for gas sensor applications, the primary focus is not on the mobility
rather than the high surface-to-volume ratio for high detection sensi-
tivity. Reconsidering the recovery of our devices we can see that the
conductivity for the grounded backgate ncGFET has returned to its
initial value. Furthermore, the charge neutrality point is reverted to its
intrinsic value thus reducing the electron doping effect of the ammo-
nia on the nanocrystalline graphene. Nevertheless, the current slope
in respect to the backgate electric field has not recovered, which we
account to strongly bound adsorbents at the grain boundaries. This of
course may influence the dynamic response of our ncGFETs in the case
of being actively driven with a backgate bias to increase the gaseous
sensitivity.

Furthermore, the hysteresis of our ncGFET has been monitored
ranging from —2.4 MV/cm to 2.4 MV/cm and reverse as is indicated
by the arrows in Fig. 10. Despite the fact of the electrical character-
ization within a vacuum probing station we still observe an intrinsic
hysteresis loop with a positively shifted charge neutrality point. Upon
exposure with ammonia the hysteresis loop becomes larger and a
higher charge neutrality point shift is observed between the forward
and reverse backgate bias sweeps. Two contrasting mechanisms have
been proposed by Wang et al. for the origin of the hysteresis.*’ For
one thing charge trapping at the graphene/SiO, interface, and for an-
other thing capacitive gating from the charging of dipoles within the
Si0,.*7 Another mechanism discussed by Joshi et al. is the forma-
tion of a gate series capacitance in the upper region of the SiO, that
is based on charge traps with nonequivalent capture and emission
rates.*® Since we only observe a positive shift of the charge neutral-
ity point capacitive gating can mostly be neglected.*’” Nevertheless,
the surface adsorbed ammonia possesses a high dipole moment that
might be influential next to its electron doping effect on the nanocrys-
talline graphene layer. However, a more thorough investigation on the
transient response of the hysteresis is still necessary.
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Conclusions

Hundreds of nanocrystalline graphene FETSs applicable to gas de-
tection have been fabricated on a two inch silicon substrate by transfer-
free in situ catalytic CVD. By means of Raman spectroscopy, con-
ductive atomic force microscopy*’ and near edge X-ray absorption
fine structure analysis the material properties of our CCVD graphene
have been studied. By means of these characterization methods, an
approximately 1 nm thin, defect rich carbon layer with high C-C
sp? carbon content has been identified. The obtained NEXAFS spec-
trum is very similar to that of a pristine graphene on the SiO,/Si
reference supplied by Graphenea. In addition, previously published
TEM images and SAED results show the formation of layered carbon
with a basal plane distance of approx. 3.5 A, as observed for stacked
graphene within bulk graphite.*> Thus we consider the CCVD grown
material to be made from nanocrystalline graphene. Nonetheless, the
ambipolar field-effect is still observable for backgate controlled de-
vices made from nanocrystalline graphene. The high sensitivity of
our nanocrystalline graphene sensors toward ammonia in the ppbv to
ppmv range is demonstrated by means of ncGFETs. From backgate
input characteristics a global increase of the device conductivity is
found in addition to the previously reported shift of the charge neu-
trality point. By comparison with earlier carbon nanotube research a
similar effect is known from grain boundary potential modifications,
which we attribute to be the source of the global conductivity increase.
Furthermore, an enlargement of the hysteresis loop has been observed
upon ammonia exposure that still needs further investigation in terms
of its transient response.
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