<]
TUDelft

Delft University of Technology

Influence of defect density on the gas sensing properties of multi-layered graphene grown
by chemical vapor deposition

Ricciardella, Filiberto; Vollebregt, Sten; Tilmann, Rita ; Hartwig, Oliver ; Bartlam, Cian ; Sarro, Pasqualina
M.; Sachdev, Hermann ; Duesberg, Georg S.

DOI
10.1016/j.cartre.2021.100024

Publication date
2021

Document Version
Final published version

Published in
Carbon Trends

Citation (APA)

Ricciardella, F., Vollebregt, S., Tilmann, R., Hartwig, O., Bartlam, C., Sarro, P. M., Sachdev, H., &
Duesberg, G. S. (2021). Influence of defect density on the gas sensing properties of multi-layered graphene
grown by chemical vapor deposition. Carbon Trends, 3, 1-7. Article 100024.
https://doi.org/10.1016/j.cartre.2021.100024

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.cartre.2021.100024
https://doi.org/10.1016/j.cartre.2021.100024

Carbon Trends 3 (2021) 100024

Contents lists available at ScienceDirect

Carbon Trends

journal homepage: www.elsevier.com/locate/cartre P

Influence of defect density on the gas sensing properties of n
multi-layered graphene grown by chemical vapor deposition

Filiberto Ricciardella®>'* Sten Vollebregt?, Rita TilmannP, Oliver Hartwig® Cian BartlamP,
Pasqualina M. Sarro?, Hermann Sachdev® Georg S. Duesberg”

2 Department of Microelectronics, Delft University of Technology, Feldmannweg 17, 2628 CT Delft, the Netherlands
b Institute of Physics, Universitaet der Bundeswehr Muenchen, Werner-Heisenberg-Weg 39, 85577 Neubiberg, Germany

ARTICLE INFO

Article history:

Received 9 November 2020
Revised 13 December 2020
Accepted 4 January 2021

Keywords:

Graphene

Defects

Sensitivity

Chemical vapor deposition
Kinetics of interaction

ABSTRACT

Chemical vapor deposition (CVD) has been demonstrated as a highly promising technique for the pro-
duction of graphene on large scale and enabling tunability of the intrinsic defects of the films during the
synthesis.

In this work, we report on the correlation between the density of defects (DoD) and the kinetics of in-
teraction of multi-layered graphene (MLG) with nitrogen dioxide (NO,) used as a target gas. We grow
MLG on a pre-patterned molybdenum (Mo) catalyst layer, tailoring the DoD while growing MLG at tem-
peratures from 850 °C to 980 °C. Analysing the Raman spectra, we show the lowering of the DoD as well
as a quality dependence of MLG as a function of the growth temperature. The chemi-resistors based on
MLG grown at different temperatures unambiguously highlight that, both during the exposure and the
subsequent purge phase, the more defective the MLG, the more intense the NO,’s molecules interaction
with MLG. Our results significantly mark a step forward in tuning the sensing properties of MLG without

the need of any post-processing of the material after synthesis.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The deviation from the perfect lattice structure of graphene
and the presence of defects do not necessarily represent a down-
side. Conversely, the imperfections make possible to tailor the lo-
cal properties, achieving new functionalities [1-6]. Especially in the
field of sensing, both theoretical and experimental studies have
widely shown that introducing defects, such as vacancies, inter-
stitial atoms, dislocations or dopants, increases the sensitivity to-
wards the analytes compared to the pristine material [7-19]. In
fact, defects are often centers of chemical activity [20].

The most explored line of research is typically oriented to
intentionally induce defects or damages into the lattice of the
graphene after the synthesis in order to enhance the sensitivity to-
wards the gasses [14,21,22]. A less costly and more efficient solu-
tion could focus on harnessing the defects intrinsically ascribed to
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the morphology of the sensing material. In a prior work we have
addressed the effects of a particular kind of defects, i.e. edge de-
fects, on the sensing properties of multi-layered graphene (MLG)
[23]. However, it is well known that high-quality graphene grown
on large-scale by chemical vapor deposition (CVD) [24-26] can also
spontaneously acquire defects during the nucleation and growth
period [14,20,27-32]. While the formation of defects is indepen-
dent from the used catalytic metal substrate, the density of defects
(DoD) in CVD-grown graphene can be affected by the catalyst [33].

In this paper, we experimentally investigate the correlation be-
tween the DoD and the kinetics of interaction with a target gas.
We tuned the level of defects during the growth process of the
material through the CVD technique by growing MLG at different
temperatures (850 °C, 890 °C, 935 °C, 980 °C). No post-growth pro-
cess was performed. The analysis hereby presented focuses on the
properties of the active medium rather than on the study of sen-
sors’ features. In this view, we adopted NO, as a target gas since, in
prior works, a high affinity between CVD-grown MLG and NO, has
been shown compared to other analytes [10,34-36]. In addition, re-
porting in this manuscript the same investigation performed upon
other target gasses can mislead the readers. To obtain more in-
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sight into the sensing properties of MLG towards NO,, we used the
simplest transduction structure, i.e. a resistor, acting as a chemi-
resistor when exposed to the target gas. Furthermore, we used am-
bient conditions as our aim is to investigate the sensing properties
of the active layers in an atmosphere similar to the real operating
environment of gas sensors. However, despite of working in humid
environment, the interference of water is rather negligible, due to
the low reactivity of MLG upon humidity, as detailed in previous
work [37] where it is shown that the contribution of relative hu-
midity is three orders of magnitude lower compared to the signal
induced by the analyte itself.

2. Material and methods

MLG was grown by CVD on pre-patterned Mo catalyst in an
AIXTRON BlackMagic Pro in Ar/H, atmosphere, as further detailed
in prior reports [34,35,38-41]. Four different values of growth tem-
perature were used: 850 °C, 890 °C, 935 °C or 980 °C. The time
that the catalyst was exposed to CH4 was kept at 20 min (Figure
S1) except that for the growth at 980 °C, when growth time was
set at 5 min.

The grown material was investigated through a Renishaw inVia
Reflex spectrometer equipped with a 633 nm He-Ne laser. The out-
put power of the laser was 2.3 mW using a 50 x objective with a
numerical aperture of 0.50. To determine the morphology of MLG,
a Bruker nanoIR2 AFM-IR instrument was used with a PR-EX-T125
cantilever operating in tapping mode at a rate of 0.3 Hz.

X-ray Photoelectron Spectroscopy (XPS) was performed to ex-
amine the elemental composition of MLG film. The XPS measure-
ments were carried out using a PHI VersaProbe Il instrument
equipped with a micro-focused monochromated Al Ko source
(1486.6 eV) and dual beam charge neutralization. Core level spec-
tra were recorded with PHI SmartSoft-VP software using an x-ray
beam with approximately 200 pm spot size and were processed
with PHI MultiPak 9.8. The sputter depth profiles were conducted
using 0.5 keV Ar+ ions.

Resistors based on CVD-grown MLG were fabricated adopting
the transfer-free process [41].

The growth of MLG occurred on top of Mo layer which was pre-
patterned by lithographic steps and dry etching before the MLG
growth. The catalyst layer beneath MLG was subsequently removed
by wet etching, immersing for 1-2 min the 4”-wafer into H,0, so-
lution concentrated at 31% (vol.)(D-Basf). Afterwards, MLG dropped
on the SiO,/Si substrate on the pre-defined locations, thus circum-
venting any transfer step of MLG to a different target substrate.
After the Cr/Au (10/100 nm) electrodes deposition using a lift-off
process, the current-voltage (I-V) measurements were performed
through a semiautomatic probe-station equipped with an Agilent
4156C semiconductor parameter analyser. The devices were then
bonded using Al wires (30 uwm diameter) to carry out the sensing
measurements.

The detection experiments were carried out in a customized gas
sensor characterization system (GSCS) setting temperature, pres-
sure and relative humidity (RH) at (22 & 2) °C, (1.00 + 0.05) bar
and 50%, respectively. The total flow of target (NO,) and buffer gas
(N5) injected in the chamber was kept at 500 sccm. The GSCS, a
stainless steel chamber (40 cl), was placed in a thermostatic box
and provided with an electrical grounded connector for bias and
conductance measurements. The different gas concentrations were
obtained by programmable mass flow controllers (MFCs). During
the measurements, the sensors were biased at 1 V in DC voltage
with a Precision Power Supply (TTi QL355T) and the current values
were recorded by a high resolution picoammeter (Keithley 6485).

The sensors were exposed to twelve sequential pulses at differ-
ent NO, concentrations ranging from 1.5 down to 0.12 ppm. The
baseline preceding the first exposure lasts 30 min to enable the
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Fig. 1. (a) Representative Raman spectra of MLG grown at different temperatures.
Each profile, normalized to the intensity of the G band, is averaged from 3 spots
acquired along the sample. (b) Position of G- (black spots) and 2D-band (red spots).
(c) Intensity ratio between D and G band (black dots) or between 2D and G band
(blue dots). (d) FWHM (D) (black dots) and FWHM (2D) (green dots). The values in
the stack are plotted as a function of the growth temperature of MLG.

stabilization of the sensors in the test chamber. Each step lasted
4 min, preceded and followed by baseline and purge phases, last-
ing 20 min each, under a N, atmosphere.

3. Results and discussion

Fig. 1a displays four representative Raman spectra of the mate-
rials grown at different temperatures. The profiles exhibit the most
prominent features of the graphitic materials, named as D, G and
2D band. The D-band originates from the disorder present in the
crystal and involves the contributions of each kind of defect, de-
fect being defined as anything which breaks the symmetry of the
crystal [42]. The G-band is related to the C-C bond while the 2D-
band, the second-order of the D-band, is generally associated to
graphite-like materials [43]. The spectra display some differences
related to parameters such as position (Pos), intensity (I) and full-
width at half maximum (FWHM) of the three bands (Fig. 1b-c-d).

The position of the bands G (~1590 cm~!) and 2D (~2660 cm!)
(Fig. 1b) are significantly different between the material grown
at 850 °C (later referred as MLG850) and the other three depo-
sition temperatures. At the lowest temperature, Pos(G) (Pos(2D))
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Table 1
Parameters of the Raman spectra extracted from Fig. 1.

Carbon Trends 3 (2021) 100024

Growth temperature [ °C]  I(D)/I(G)  I(2D)/I(G) FWHM (D) [cm~!] =~ FWHM (2D) [cm~']  Pos (D) [cm~']  Pos (G) [cm~!]  Pos (2D) [cm~!]
850 14 0.33 69 88 1336 1597 2652
890 0.8 0.68 54 70 1337 1585 2665
935 0.5 0.71 53 68 1335 1584 2663
980 0.3 0.76 51 66 1337 1581 2664

shows the maximum (minimum) followed by a drastic downshift
(upshift) and subsequent unchanged position while increasing the
growth temperature. It is worth to note that the position of the
three bands are consistent with the results reported elsewhere us-
ing a red laser as an excitation wavelength, provided that the 2D
Raman mode is dispersive with the energy of the incident laser
[44-47]. Since the position of the bands are related to the prop-
erties of the material [44-47], the variation of the parameters be-
tween MLG850 and the other MLGs provides a first indication of
the morphological differences among such materials. The last ob-
servation is strengthened by analysing the other metrics extracted
from the Raman spectra. For instance, I(D)/I(G), i.e. the ratio be-
tween the intensities of D and G bands (black dots in Fig. 1c),
presents the highest value at 850 °C, progressively reduced as the
growth temperature increases. This outcome is of particular rele-
vance as it proves the lowering of the defects’ density by increas-
ing the growth temperature while adopting Mo as a metal catalyst.
The trend is in close agreement with the results shown by the Eres’
group [48] despite of the slight different growth process by CVD on
copper or Mo catalyst [49-52].

Finally, the metric based on I(2D)/I(G) even shows a remark-
able difference between MLG850 and the other three MLG (blue
dots in Flg 1C) While I(ZD)Mchsoll(zD)ML(‘,ggo ~ 0.5 when nor-
malized to the G peak intensity, the largest variation among the
other three samples grown at different temperatures is 0.12, in-
dicating unchanged values within error. As such, I(2D)/I(G) rising
from 0.3 to 0.8 shows that the higher growth temperature results
in the transformation from a material more similar to graphite to
multi-layers of graphene [2,37,38,43,53-55]. The transformation of
MLG as a function of the growth temperature is further displayed
by the progressive decrease of both FWHM(D) and FWHM(2D)
(Fig. 2d). Focusing on the 2D-band, it should be noticed that the
band is distinctly sharp and does not present any shoulder at lower
wavenumbers, as generally observed in graphite spectrum. The last
feature of the 2D-band suggests the structure of MLG being grown
as a turbostratic material, independent from the temperature used
[37,43,56].

Table 1 reports the overview of the values obtained from Fig. 1,
including Pos(D) that was not plotted previously as the negligible
shifts around 1340 cm~! do not provide relevant insights on the
transformation of MLG.

The Raman analysis enables to draw the first conclusions about
the grown materials. At 850 °C, MLG results to be highly defective
with a partly degraded structure of the lattice, as depicted by the
low intensity of the 2D-band [55]. As the growth temperature in-
creases, the DoD is smoothly lowered as well as a more organized
structure is induced.

The nature of the as grown multi-layered structures is assessed
in more detail by the AFM investigation. The corresponding topog-
raphy is reported in Fig. 2a-d for each of the four samples.

Fig. 2a-b displays a relatively smooth material, compared to
Fig. 2c-d. The thickness of about 10 nm can be determined from
the inset of Fig. 2a while the roughness (R;) is about 1 nm, as
being determined from the close up (Figure S3). The morphol-
ogy of the other three MLG samples (Fig. 2c-d), and especially
the value of the roughness of MLG980 (Table 2), indicates that
some residues might be trapped underneath MLG980 as resulting
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Fig. 2. AFM image of MLG grown at (a) 850 °C, (b) 890 °C, (c) 935 °C and (d)
980 °C. The insets reports the step-height profiles determined along the dashed
lines drawn in each panel. The dip in the profile of panel (a) is probably a hollow in
the SiO, film and might be ascribed to the limited selectivity of the plasma etching
used when patterning the Mo layer [37] (Figure S2).
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Table 2
Roughness of the samples grown at different tem-
peratures.

Growth temperature ( °C)  Roughness (nm)

850 1

890 4

935 15

980 28
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Fig. 3. XPS depth profiles acquired from (a) MLG980 and (b) MLG850.

from the transfer-free process or there might be induced stress
caused by the graphitization. Due to the different levels of ob-
served roughness, we mainly based our outcomes on the Raman
investigation, which enables to explore deeper the intrinsic fea-
tures of the material beyond the surface.

The XPS profile acquired on MLG980 (Fig. 3a) confirmed that,
while increasing the milling by Ar ion, some residues of the sacrifi-
cial Mo layer (blue line) were found. It is likely that those residues
either remained accidentally nestled underneath the carbonaceous
layer or diffused into SiO, during the growth temperature of MLG
at 980 °C, affecting the roughness of the sample. Conversely, the
elemental profile of MLG850 (Fig. 3b) shows concentration of Mo
atoms lower than the instrument resolution (<0.1 atomic%).

The rough morphology of MLG980 made it difficult to exactly
extract the thickness, nevertheless in our prior works [37,54,57]
using analogous growth recipes, we obtained MLG with thickness
of about 10 nm, in close agreement with the result of MLG850.

To gain more insights into the influence of DoD on the sensing
properties, we fabricated four devices based on MLG. Fig. 4 shows
the I-V characteristics of the devices (inset).

The linearity of the curves testifies that the devices behave as
resistors and it further highlights the difference between MLG850
and the MLGs grown at the other three temperatures. The resistor
based on MLG850 shows sheet resistance (Rs) significantly higher
(~7 k2/sq) than the other three values, which are all in the range
of 1 kS2/sq. Such a large difference might be ascribed to the com-
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Fig. 4. 1-V curves recorded on the resistors based on MLG. Inset: optical image of
one device with the MLG-bar enclosed in the dashed rectangle. The sensing area is
about 1030 zem?.

plete absence of a well-defined structure at the nanoscale in the
material grown at 850 °C compared to the others, which have a
more defined structure, resulting in a lower conductivity. This ar-
gument is supported by the Raman measurements previous dis-
cussed.

The resistors were subsequently exposed to NO, and the tran-
sient behavior is reported in Fig. 5a.

Independently from the growth temperature of MLG, each sen-
sor shows a similar behavior. During each pulse of the analyte, the
current continuously rises and does not reach a steady state. When
the analyte flow is stopped, the current starts to decrease. The
magnification of the two steps, exposure and purge phase, reveals
remarkable differences between MLGs grown at different temper-
atures (Fig. 5b). It is well known that different adsorption mech-
anisms between the sensing layer and the gas molecules result in
different slopes in the dynamic current behavior [39,58]. We there-
fore suggest that analyzing the slope of the signal during the single
NO, exposure periods or the constant time of the purge phase pro-
vides more insight on the influence of DoD on the sensing proper-
ties.

As an example, Fig. 5c displays the fit of the current recorded
during the pulse at 1.5 ppm of NO, (see right y-axis of Fig. 5b)
(Figure S4). Fig. 5d report the current recorded during the purge
phase subsequent to first pulse and the corresponding fit, respec-
tively. We have previously shown the lowering of the DoD (Fig. 1c)
with an increase in the growth temperature. As a result, a less de-
fective material induces an overall steeper slope during the expo-
sure window (Fig. 4c). These findings are consistent with the con-
clusions achieved in our previous work [39]. In that paper, MLG
synthesized via different routes, i.e. liquid phase exfoliation, me-
chanical cleavage and CVD, presented different types of defects
associated to the synthesizing routes, whereas in this report, we
study the correlation existing between the DoD intrinsically in-
duced by the CVD-process and the kinetics of interaction with the
analyte. In particular, since defects represent high-energy binding
sites [20], the adsorption of molecules onto these sites results in
a lower signal variation than that induced by low-energy binding
sites, such as sp2-bonded carbon [59-61]. The rate of response re-
sults in the different slope of the lines during the NO, pulse. Going
into more details on either the nature of the defects or the interac-
tion mechanism between the analyte molecules and the adsorption
sites are out of the focus of the present report.

MLGS850, that is the most defective material, shows the low-
est current increase with a slope of 4.5-10~>/min (black line). As
the growth temperature increases while decreasing the DoD, it
seems that the analyte’s molecules are interacting less intensely
with the sensing layer, resulting in a higher slope. The MLG935-
based device (green line) reaches the maximum value of the slope
(24.6:10~>/min), suggesting the lowest interaction with the bind-
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Fig. 5. (a) Real-time behavior of the current of the four sensors upon subsequent
NO, exposures at different concentrations (blue rectangles). The graphs are normal-
ized to the current value at the gas inlet of the first pulse. (b) Close-up of the first
step from panel (a). (c) - (d) Fit of the graphs shown in panel (b) (blue rectangle)
and magnification of the decreasing part of the signal recorded during the pulse at
1.5 ppm of NO, (yellow rectangle), respectively. The curves are normalized to the
value of current at the inlet (c) and stop (d) of the gas flow in the test chamber.
Inset: fit of the graphs in the panel (d). As the fit of the black curve (MLG850) does
not converge, it is omitted from the Inset.

ing sites. Although the DoD is slightly reduced for MLG980 com-
pared to MLG935 (see Fig. 1c), the plot of the MLG980-based de-
vice (blue line) shows a smaller gradient (14.1-10-°/min) than that
related to MLG935. It is very likely that around the growth temper-
ature of 935 °C there might be a saturation of the trend previously

Carbon Trends 3 (2021) 100024

Table 3
Parameters related to the sensing properties of MLG as determined from Fig. 4c-d.
R? shows the fit regression of the data of the purge phase.

Growth temperature ( °C)  Slope (10-3/min)  Relaxation time (s)  R?

850 45 N/A N/A

890 8.6 232 0.990
935 24.6 460 0.994
980 14.1 793 0.996

observed, preventing a further enhancement of the behavior of the
other three samples.

Our hypothesis on the correlation between the DoD and the
sensing properties is partly validated by analyzing the behavior
of the transient during the purge step when only the buffer gas
is introduced in the test chamber (Fig. 5d). Based on the growth
temperature and, in turn, on the DoD, the devices tend to differ-
ently restore to the condition shown prior the exposure. While de-
creasing the DoD (increasing the growth temperature), the signal
ranges from an almost absence of a change (MLG850, black line)
to a moderately restored condition (MLG980, blue line) (Fig. 5d).
The fits reported in the inset enable us to quantify this tendency.
As no external energy, such as thermal heating or ultra-violet il-
lumination, is supplied to the devices to promote the desorption
from MLG, the current during the purge step can be treated as a
spontaneous decay and fitted with a single exponential. Apart from
the black curve showing no convergence (Fig. 5d), the values of R2
(Table 3) show the close match between the experimental data and
the fit (Fig. 5d inset). The relaxation time estimated from the three
plots shows that the lower the DoD, the higher the constant of re-
laxation time constant and the faster the tendency to restore the
conditions prior to the exposure (Table 3). This is a consequence
of the DoD increasing, therefore the feed molecules become more
strongly adsorbed and desorption is obstructed, especially when
working at room temperature such as in our case [19,38,62]. We
believe that the spontaneous desorption of the molecules enables
the identification of the sensing properties of MLG, especially dur-
ing the purge step. In that respect, here we ascribe the absence
of any decreasing signal observed for the MLG850-based device to
the strongest adsorption of the molecules with the most defective
material.

Finally, Figure S6 reports the analysis described so far as per-
formed on the second pulse of the series reported in Fig. 5a. We
show that, independently from the injected NO, concentration of
the pulse, the trend of both slope and relation time is well-aligned
with the prior conclusions (Table S1). The outcomes thus highlight
that the sensing properties, and eventually the sensitivity, of the
carbon-based materials can be tuned already during the growth
phase of the materials, without performing any post-growth treat-
ment onto the sensing layer.

4. Conclusions

We synthesized MLG on pre-patterned Mo catalyst layer by CVD
process varying the growth temperature. We showed that as the
growth temperature increases, the defects spontaneously induced
during the CVD process are reduced and a more organized struc-
ture of MLG is determined.

Through the resistors based on MLG, we analysed the influence
of the defects on the sensing properties of MLG upon NO, expo-
sure.

We highlighted that, while lowering the density of defects, the
interaction with the analyte’s molecules is overall less intense dur-
ing the exposure windows. In turn, when the target gas is re-
moved, the adsorbed molecules remain less attached to MLG, the
relaxation time is higher and the restoration of the conditions prior
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the exposure is favored. In conclusion, our findings show the fea-
sibility of tuning the sensing properties of a material already op-
erating during the synthesis process overcoming any post-growth
process.
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