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a b s t r a c t 

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 2 ) 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 2 ’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/ ) 
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. Introduction 

The deviation from the perfect lattice structure of graphene 

nd the presence of defects do not necessarily represent a down- 

ide. Conversely, the imperfections make possible to tailor the lo- 

al properties, achieving new functionalities [1–6] . Especially in the 

eld of sensing, both theoretical and experimental studies have 

idely shown that introducing defects, such as vacancies, inter- 

titial atoms, dislocations or dopants, increases the sensitivity to- 

ards the analytes compared to the pristine material [7–19] . In 

act, defects are often centers of chemical activity [20] . 

The most explored line of research is typically oriented to 

ntentionally induce defects or damages into the lattice of the 

raphene after the synthesis in order to enhance the sensitivity to- 

ards the gasses [ 14 , 21 , 22 ]. A less costly and more efficient solu-

ion could focus on harnessing the defects intrinsically ascribed to 
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he morphology of the sensing material. In a prior work we have 

ddressed the effects of a particular kind of defects, i.e. edge de- 

ects, on the sensing properties of multi-layered graphene (MLG) 

23] . However, it is well known that high-quality graphene grown 

n large-scale by chemical vapor deposition (CVD) [24–26] can also 

pontaneously acquire defects during the nucleation and growth 

eriod [ 14 , 20 , 27–32 ]. While the formation of defects is indepen-

ent 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- 

ween the DoD and the kinetics of interaction with a target gas. 

e tuned the level of defects during the growth process of the 

aterial through the CVD technique by growing MLG at different 

emperatures (850 °C, 890 °C, 935 °C, 980 °C). No post-growth pro- 

ess was performed. The analysis hereby presented focuses on the 

roperties of the active medium rather than on the study of sen- 

ors’ features. In this view, we adopted NO 2 as a target gas since, in 

rior works, a high affinity between CVD-grown MLG and NO 2 has 

een shown compared to other analytes [ 10 , 34–36 ]. In addition, re- 

orting in this manuscript the same investigation performed upon 

ther target gasses can mislead the readers. To obtain more in- 
 under the CC BY-NC-ND license 
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Fig. 1. (a) Representative Raman spectra of MLG grown at different tem peratures. 

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. 
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ight into the sensing properties of MLG towards NO 2 , we used the 

implest transduction structure, i.e. a resistor, acting as a chemi- 

esistor when exposed to the target gas. Furthermore, we used am- 

ient conditions as our aim is to investigate the sensing properties 

f the active layers in an atmosphere similar to the real operating 

nvironment of gas sensors. However, despite of working in humid 

nvironment, the interference of water is rather negligible, due to 

he low reactivity of MLG upon humidity, as detailed in previous 

ork [37] where it is shown that the contribution of relative hu- 

idity is three orders of magnitude lower compared to the signal 

nduced by the analyte itself. 

. Material and methods 

MLG was grown by CVD on pre-patterned Mo catalyst in an 

IXTRON BlackMagic Pro in Ar/H 2 atmosphere, as further detailed 

n prior reports [ 34 , 35 , 38–41 ]. Four different values of growth tem-

erature were used: 850 °C, 890 °C, 935 °C or 980 °C. The time 

hat the catalyst was exposed to CH 4 was kept at 20 min (Figure 

1) except that for the growth at 980 °C, when growth time was 

et at 5 min. 

The grown material was investigated through a Renishaw inVia 

eflex spectrometer equipped with a 633 nm He–Ne laser. The out- 

ut power of the laser was 2.3 mW using a 50 × objective with a 

umerical aperture of 0.50. To determine the morphology of MLG, 

 Bruker nanoIR2 AFM-IR instrument was used with a PR-EX-T125 

antilever operating in tapping mode at a rate of 0.3 Hz. 

X-ray Photoelectron Spectroscopy (XPS) was performed to ex- 

mine the elemental composition of MLG film. The XPS measure- 

ents were carried out using a PHI VersaProbe III instrument 

quipped with a micro-focused monochromated Al K α source 

1486.6 eV) and dual beam charge neutralization. Core level spec- 

ra were recorded with PHI SmartSoft-VP software using an x-ray 

eam with approximately 200 μm spot size and were processed 

ith PHI MultiPak 9.8. The sputter depth profiles were conducted 

sing 0.5 keV Ar + ions. 

Resistors based on CVD-grown MLG were fabricated adopting 

he transfer-free process [41] . 

The growth of MLG occurred on top of Mo layer which was pre- 

atterned by lithographic steps and dry etching before the MLG 

rowth. The catalyst layer beneath MLG was subsequently removed 

y wet etching, immersing for 1–2 min the 4 ′′ -wafer into H 2 O 2 so- 

ution concentrated at 31% (vol.)(D-Basf). Afterwards, MLG dropped 

n the SiO 2 /Si substrate on the pre-defined locations, thus circum- 

enting any transfer step of MLG to a different target substrate. 

fter the Cr/Au (10/100 nm) electrodes deposition using a lift-off

rocess, the current-voltage (I–V) measurements were performed 

hrough a semiautomatic probe-station equipped with an Agilent 

156C semiconductor parameter analyser. The devices were then 

onded using Al wires (30 μm diameter) to carry out the sensing 

easurements. 

The detection experiments were carried out in a customized gas 

ensor characterization system (GSCS) setting temperature, pres- 

ure and relative humidity (RH) at (22 ± 2) °C, (1.00 ± 0.05) bar 

nd 50%, respectively. The total flow of target (NO 2 ) and buffer gas 

N 2 ) injected in the chamber was kept at 500 sccm. The GSCS, a 

tainless steel chamber (40 cl), was placed in a thermostatic box 

nd provided with an electrical grounded connector for bias and 

onductance measurements. The different gas concentrations were 

btained by programmable mass flow controllers (MFCs). During 

he measurements, the sensors were biased at 1 V in DC voltage 

ith a Precision Power Supply (TTi QL355T) and the current values 

ere recorded by a high resolution picoammeter (Keithley 6485). 

The sensors were exposed to twelve sequential pulses at differ- 

nt NO 2 concentrations ranging from 1.5 down to 0.12 ppm. The 

aseline preceding the first exposure lasts 30 min to enable the 
2 
tabilization of the sensors in the test chamber. Each step lasted 

 min, preceded and followed by baseline and purge phases, last- 

ng 20 min each, under a N 2 atmosphere. 

. Results and discussion 

Fig. 1 a displays four representative Raman spectra of the mate- 

ials grown at different temperatures. The profiles exhibit the most 

rominent features of the graphitic materials, named as D, G and 

D band. The D-band originates from the disorder present in the 

rystal and involves the contributions of each kind of defect, de- 

ect being defined as anything which breaks the symmetry of the 

rystal [42] . The G-band is related to the C 

–C bond while the 2D- 

and, the second-order of the D-band, is generally associated to 

raphite-like materials [43] . The spectra display some differences 

elated to parameters such as position (Pos), intensity (I) and full- 

idth at half maximum (FWHM) of the three bands ( Fig. 1 b-c-d). 

The position of the bands G (~1590 cm 

−1 ) and 2D (~2660 cm 

−1 ) 

 Fig. 1 b) are significantly different between the material grown 

t 850 °C (later referred as MLG850) and the other three depo- 

ition temperatures. At the lowest temperature, Pos(G) (Pos(2D)) 
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Table 1 

Parameters of the Raman spectra extracted from Fig. 1 . 

Growth temperature [ °C] I(D)/I(G) I(2D)/I(G) FWHM (D) [cm 

−1 ] FWHM (2D) [cm 

−1 ] Pos (D) [cm 

−1 ] Pos (G) [cm 

−1 ] Pos (2D) [cm 

−1 ] 

850 1.4 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 
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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 2 film and might be ascribed to the limited selectivity of the plasma etching 

used when patterning the Mo layer [37] (Figure S2). 
hows the maximum (minimum) followed by a drastic downshift 

upshift) and subsequent unchanged position while increasing the 

rowth temperature. It is worth to note that the position of the 

hree bands are consistent with the results reported elsewhere us- 

ng a red laser as an excitation wavelength, provided that the 2D 

aman mode is dispersive with the energy of the incident laser 

44–47] . Since the position of the bands are related to the prop- 

rties of the material [44–47] , the variation of the parameters be- 

ween MLG850 and the other MLGs provides a first indication of 

he morphological differences among such materials. The last ob- 

ervation is strengthened by analysing the other metrics extracted 

rom the Raman spectra. For instance, I(D)/I(G), i.e. the ratio be- 

ween the intensities of D and G bands (black dots in Fig. 1 c), 

resents the highest value at 850 °C, progressively reduced as the 

rowth temperature increases. This outcome is of particular rele- 

ance as it proves the lowering of the defects’ density by increas- 

ng the growth temperature while adopting Mo as a metal catalyst. 

he trend is in close agreement with the results shown by the Eres’ 

roup [48] despite of the slight different growth process by CVD on 

opper or Mo catalyst [49–52] . 

Finally, the metric based on I(2D)/I(G) even shows a remark- 

ble difference between MLG850 and the other three MLG (blue 

ots in Fig. 1 c). While I(2D) MLG850 /I(2D) MLG890 ~ 0.5 when nor- 

alized to the G peak intensity, the largest variation among the 

ther three samples grown at different temperatures is 0.12, in- 

icating unchanged values within error. As such, I(2D)/I(G) rising 

rom 0.3 to 0.8 shows that the higher growth temperature results 

n the transformation from a material more similar to graphite to 

ulti-layers of graphene [ 2 , 37 , 38 , 43 , 53–55 ]. The transformation of

LG as a function of the growth temperature is further displayed 

y the progressive decrease of both FWHM(D) and FWHM(2D) 

 Fig. 2 d). Focusing on the 2D-band, it should be noticed that the 

and is distinctly sharp and does not present any shoulder at lower 

avenumbers, as generally observed in graphite spectrum. The last 

eature of the 2D-band suggests the structure of MLG being grown 

s a turbostratic material, independent from the temperature used 

 37 , 43 , 56 ]. 

Table 1 reports the overview of the values obtained from Fig. 1 , 

ncluding Pos(D) that was not plotted previously as the negligible 

hifts around 1340 cm 

−1 do not provide relevant insights on the 

ransformation of MLG. 

The Raman analysis enables to draw the first conclusions about 

he grown materials. At 850 °C, MLG results to be highly defective 

ith a partly degraded structure of the lattice, as depicted by the 

ow intensity of the 2D-band [55] . As the growth temperature in- 

reases, the DoD is smoothly lowered as well as a more organized 

tructure is induced. 

The nature of the as grown multi-layered structures is assessed 

n more detail by the AFM investigation. The corresponding topog- 

aphy is reported in Fig. 2 a-d for each of the four samples. 

Fig. 2 a-b displays a relatively smooth material, compared to 

ig. 2 c-d. The thickness of about 10 nm can be determined from 

he inset of Fig. 2 a while the roughness (R a ) is about 1 nm, as

eing determined from the close up (Figure S3). The morphol- 

gy of the other three MLG samples ( Fig. 2 c-d), and especially 

he value of the roughness of MLG980 ( Table 2 ), indicates that 

ome residues might be trapped underneath MLG980 as resulting 
3 
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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 

Fig. 3. XPS depth profiles acquired from (a) MLG980 and (b) MLG850. 
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Fig. 4. I–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 μm 
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rom the transfer-free process or there might be induced stress 

aused by the graphitization. Due to the different levels of ob- 

erved roughness, we mainly based our outcomes on the Raman 

nvestigation, which enables to explore deeper the intrinsic fea- 

ures of the material beyond the surface. 

The XPS profile acquired on MLG980 ( Fig. 3 a) confirmed that, 

hile increasing the milling by Ar ion, some residues of the sacrifi- 

ial Mo layer (blue line) were found. It is likely that those residues 

ither remained accidentally nestled underneath the carbonaceous 

ayer or diffused into SiO 2 during the growth temperature of MLG 

t 980 °C, affecting the roughness of the sample. Conversely, the 

lemental profile of MLG850 ( Fig. 3 b) shows concentration of Mo 

toms lower than the instrument resolution ( < 0.1 atomic%). 

The rough morphology of MLG980 made it difficult to exactly 

xtract the thickness, nevertheless in our prior works [ 37 , 54 , 57 ]

sing analogous growth recipes, we obtained MLG with thickness 

f about 10 nm, in close agreement with the result of MLG850. 

To gain more insights into the influence of DoD on the sensing 

roperties, we fabricated four devices based on MLG. Fig. 4 shows 

he I–V characteristics of the devices (inset). 

The linearity of the curves testifies that the devices behave as 

esistors and it further highlights the difference between MLG850 

nd the MLGs grown at the other three temperatures. The resistor 

ased on MLG850 shows sheet resistance (R s ) significantly higher 

~7 k �/sq) than the other three values, which are all in the range 

f 1 k �/sq. Such a large difference might be ascribed to the com- 
4 
lete absence of a well-defined structure at the nanoscale in the 

aterial grown at 850 °C compared to the others, which have a 

ore defined structure, resulting in a lower conductivity. This ar- 

ument is supported by the Raman measurements previous dis- 

ussed. 

The resistors were subsequently exposed to NO 2 and the tran- 

ient behavior is reported in Fig. 5 a. 

Independently from the growth temperature of MLG, each sen- 

or shows a similar behavior. During each pulse of the analyte, the 

urrent continuously rises and does not reach a steady state. When 

he analyte flow is stopped, the current starts to decrease. The 

agnification of the two steps, exposure and purge phase, reveals 

emarkable differences between MLGs grown at different tem per- 

tures ( Fig. 5 b). It is well known that different adsorption mech- 

nisms between the sensing layer and the gas molecules result in 

ifferent slopes in the dynamic current behavior [ 39 , 58 ]. We there- 

ore suggest that analyzing the slope of the signal during the single 

O 2 exposure periods or the constant time of the purge phase pro- 

ides more insight on the influence of DoD on the sensing proper- 

ies. 

As an example, Fig. 5 c displays the fit of the current recorded 

uring the pulse at 1.5 ppm of NO 2 (see right y-axis of Fig. 5 b)

Figure S4). Fig. 5 d report the current recorded during the purge 

hase subsequent to first pulse and the corresponding fit, respec- 

ively. We have previously shown the lowering of the DoD ( Fig. 1 c) 

ith an increase in the growth temperature. As a result, a less de- 

ective material induces an overall steeper slope during the expo- 

ure window ( Fig. 4 c). These findings are consistent with the con- 

lusions achieved in our previous work [39] . In that paper, MLG 

ynthesized via different routes, i.e. liquid phase exfoliation, me- 

hanical cleavage and CVD, presented different types of defects 

ssociated to the synthesizing routes, whereas in this report, we 

tudy the correlation existing between the DoD intrinsically in- 

uced by the CVD-process and the kinetics of interaction with the 

nalyte. In particular, since defects represent high-energy binding 

ites [20] , the adsorption of molecules onto these sites results in 

 lower signal variation than that induced by low-energy binding 

ites, such as sp 

2 -bonded carbon [59–61] . The rate of response re- 

ults in the different slope of the lines during the NO 2 pulse. Going 

nto more details on either the nature of the defects or the interac- 

ion mechanism between the analyte molecules and the adsorption 

ites are out of the focus of the present report. 

MLG850, that is the most defective material, shows the low- 

st current increase with a slope of 4.5 . 10 −5 /min (black line). As 

he growth temperature increases while decreasing the DoD, it 

eems that the analyte’s molecules are interacting less intensely 

ith the sensing layer, resulting in a higher slope. The MLG935- 

ased device (green line) reaches the maximum value of the slope 

24.6 . 10 −5 /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 2 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 2 (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. 
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Table 3 

Parameters related to the sensing properties of MLG as determined from Fig. 4 c-d. 

R 2 shows the fit regression of the data of the purge phase. 

Growth temperature ( °C) Slope (10 −5 /min) Relaxation time (s) R 2 

850 4.5 N/A N/A 

890 8.6 232 0.990 

935 24.6 460 0.994 

980 14.1 793 0.996 
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ng sites. Although the DoD is slightly reduced for MLG980 com- 

ared to MLG935 (see Fig. 1 c), the plot of the MLG980-based de- 

ice (blue line) shows a smaller gradient (14.1 . 10 −5 /min) than that 

elated to MLG935. It is very likely that around the growth temper- 

ture of 935 °C there might be a saturation of the trend previously 
5 
bserved, preventing a further enhancement of the behavior of the 

ther three samples. 

Our hypothesis on the correlation between the DoD and the 

ensing properties is partly validated by analyzing the behavior 

f the transient during the purge step when only the buffer gas 

s introduced in the test chamber ( Fig. 5 d). Based on the growth 

emperature and, in turn, on the DoD, the devices tend to differ- 

ntly restore to the condition shown prior the exposure. While de- 

reasing the DoD (increasing the growth temperature), the signal 

anges from an almost absence of a change (MLG850, black line) 

o a moderately restored condition (MLG980, blue line) ( Fig. 5 d). 

he fits reported in the inset enable us to quantify this tendency. 

s no external energy, such as thermal heating or ultra-violet il- 

umination, is supplied to the devices to promote the desorption 

rom MLG, the current during the purge step can be treated as a 

pontaneous decay and fitted with a single exponential. Apart from 

he black curve showing no convergence ( Fig. 5 d), the values of R 

2 

 Table 3 ) show the close match between the experimental data and 

he fit ( Fig. 5 d inset). The relaxation time estimated from the three 

lots shows that the lower the DoD, the higher the constant of re- 

axation time constant and the faster the tendency to restore the 

onditions prior to the exposure ( Table 3 ). This is a consequence 

f the DoD increasing, therefore the feed molecules become more 

trongly adsorbed and desorption is obstructed, especially when 

orking at room temperature such as in our case [ 19 , 38 , 62 ]. We

elieve that the spontaneous desorption of the molecules enables 

he identification of the sensing properties of MLG, especially dur- 

ng the purge step. In that respect, here we ascribe the absence 

f any decreasing signal observed for the MLG850-based device to 

he strongest adsorption of the molecules with the most defective 

aterial. 

Finally, Figure S6 reports the analysis described so far as per- 

ormed on the second pulse of the series reported in Fig. 5 a. We 

how that, independently from the injected NO 2 concentration of 

he pulse, the trend of both slope and relation time is well-aligned 

ith the prior conclusions (Table S1). The outcomes thus highlight 

hat the sensing properties, and eventually the sensitivity, of the 

arbon-based materials can be tuned already during the growth 

hase of the materials, without performing any post-growth treat- 

ent onto the sensing layer. 

. Conclusions 

We synthesized MLG on pre-patterned Mo catalyst layer by CVD 

rocess varying the growth temperature. We showed that as the 

rowth temperature increases, the defects spontaneously induced 

uring the CVD process are reduced and a more organized struc- 

ure of MLG is determined. 

Through the resistors based on MLG, we analysed the influence 

f the defects on the sensing properties of MLG upon NO 2 expo- 

ure. 

We highlighted that, while lowering the density of defects, the 

nteraction with the analyte’s molecules is overall less intense dur- 

ng the exposure windows. In turn, when the target gas is re- 

oved, the adsorbed molecules remain less attached to MLG, the 

elaxation time is higher and the restoration of the conditions prior 
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he exposure is favored. In conclusion, our findings show the fea- 

ibility of tuning the sensing properties of a material already op- 

rating during the synthesis process overcoming any post-growth 

rocess. 
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