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harmful to human health and the environ-
ment, chemical sensing devices have been 
extensively developed and used. Improve-
ment and optimization of present chem-
ical sensors, including gas sensors as well 
as the development of new sensors that 
possess higher sensing performance with 
higher sensitivity but lower cost, are still 
necessary for not only industrial but also 
indoor health and safety, environmental 
monitoring, and beyond. [ 1–3 ]  

 Recently, extensive researches have 
been performed on gas sensors based on 
low-dimensional materials of nanowires, 
nanodots, and nanosheets due to their 
advantages such as high sensitivity, low 
limit of detection (LOD), and sensing capa-
bility in favorable conditions. [ 2–7 ]  Within 
those sensing materials, graphene (Gr) 
has also attracted considerable attention 

and shown signifi cant potential for future applications. [ 6,8 ]  The 
main reason for this potential is Gr’s unique surface-to-volume 
ratio. Gr has an abundant surface area for reactions to occur, 
resulting in the domination of surface effects. The increase 
of the surface area of Gr therefore could lead to the enhance-
ment of related properties such as catalytic activity or surface 
adsorption and reaction, which are cardinal factors for superior-
gas-sensor production. [ 9 ]  Gr also shows potential due to its 
excellent electrical properties at room temperature and the 
ultra-sensitivity of charge transport through Gr to the adsorption 
of various analyte molecules (which act as electron/hole donors 
or acceptors, leading to changes in the conductance of Gr), 
such as pollutants (NO 2 , [ 10–12 ]  CO, [ 10 ]  NH 3  ,[ 10–13 ]  etc.), harmful 
volatile organic compounds (methanol, [ 14,15 ]  toluene, [ 15,16 ]  etc.) 
and so on. Furthermore, the responsiveness of Gr is strongly 
effected by defects [ 16–18 ]  and thus the sensitivity with selectivity 
of Gr can be tuned by functionalization or hybridization. [ 19,20 ]  
Gr also shows robust mechanical properties, which have 
attracted much attention in enduring fl exible/stretchable-device 
integration. [ 21–24 ]  Finally, a variety of approaches is possible for 
high-quality Gr synthesis and hybridization or modifi cation. 

 Up to now, methods developed for the synthesis of Gr have 
been thoroughly reviewed elsewhere, including mechanical 
exfoliation, epitaxial growth, unzipping carbon nanotubes, 
etc. [ 25 ]  However, only a few of these methods allowed Gr to be 
massively synthesized on arbitrary surfaces, especially three-
dimensional (3D) architectural structures, which recently have 
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  1.     Introduction 

 Nowadays, with the rapid increase of extreme demands on our 
work life, not only industry but also agriculture has sustained 
a considerable increase in the demands of work load. To boost 
productivity and performance, an increasing number of toxic, 
fl ammable, and combustible chemicals and gases have been 
produced and consumed. However, emission of harmful by-
products and pollutants, such as nitrogen oxides (NO x ), carbon 
oxides (CO  x  ), sulfur oxides (SO  x  ), ammonia (NH 3 ) and so on, 
have also increased signifi cantly and endangered our health and 
environment over the long term. To monitor chemical materials 
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exhibited many interesting advantages, such as increasing sur-
face-to-volume ratio, mass transport, reactive site density over a 
specifi c device area, [ 26,27 ]  for supercapacitor  [ 28,29 ]  and other elec-
trochemical applications. 

 For 3D gas sensors, 3D high quality Gr can be obtained 
chemical vapor deposition (CVD) using 3D frames of metal or 
composite catalysts (such as nickel foam [ 30 ] , Co 3 O 4  nanowire 
foam [ 31 ]  but it is limited due to the special synthetic equip-
ment and conditions required, such as high vacuum and tem-
perature. [ 25 ]  On the other hand, the conversion of graphene 
oxide (GO) to reduced graphene oxide (R-GO) via chemical or 
physical reducing agents (the most cost effective and easy pro-
cessing method), can also yield a large continuous network of 
R-GO nanosheets on various sophisticated structures in various 
conditions. [ 32–34 ]  Although this may not achieve a quality of Gr 
as good as CVD-grown one because R-GO nanosheets contain 
many defects and residual oxygen species along the basal plane 
and edges, these can provide the creative processability or func-
tionality to optimize or tune the sensing performance of R-GO 
gas sensors. [ 35 ]  Therefore, gas sensors based on R-GO and its 
derivatives are promising and capable of being competitive with 
commercial sensors. 

 Although extensive research activities of Gr based gas sen-
sors on planar and hybrid structures have been undertaken 
over the past decade, the problems associated with the size 
reduction of R-GO gas sensors with enhanced performance 
have not been fully overcome and some challenges remain. 
Many researchers have focused on the development of practical 
low-cost gas sensors by attempting to reduce the sensor size 
for the enhancement of signal-to-noise ratio (SNR), resulting 
in the successful reduction of LOD and reduction in the addi-
tional cost with lower power consumption; however, the overall 
sensitivity, magnitude of transduction signal, and the interac-
tion of the cross-section with gas molecules that mainly affects 
response time are diminished. [ 36,37 ]  On the other hand, very 
few fundamental studies have been performed on utilizing the 
promising combination of the intrinsically enhanced surface-
to-volume ratio, high responsivity of R-GO to chemical species, 
and high interaction cross-section of 3D micrometer scale struc-
tures for improving sensing performance. Therefore, exploiting 
new concepts for enhancing the performance of R-GO gas sen-
sors by combining the structural engineering techniques of 3D 
microstructuring is of great interest. 

 In this contribution, we present an approach that can 
enhance the performance of R-GO chemical sensors by uti-
lizing a simple 3D device geometry. Chemiresistor-type 3D 
R-GO chemical sensors were fabricated using an R-GO 
networked layer formed on micro-patterned pillars of SU-8 
photoresist in the device channel. Comparison of gas sensing 
performances between two-dimensional (2D) planar and 3D 
micro-pillar R-GO chemical sensors was performed. Our 2D 
and 3D sensors were very simple, but were highly responsive 
to NO 2  and NH 3  gas diluted in dry synthetic air at room tem-
perature. With high aspect-ratio 3D R-GO gas sensors (due to 
the extended surface-to-volume ratio as well as the increased 
interaction cross-section with catchment area of R-GO), the 
3D sensors clearly exhibited higher sensing performance with 
higher transduction signal, higher sensitivity, and lower LOD 
than those of the 2D R-GO sensor. Our fi ndings showed the 

possibility of miniaturizing the R-GO gas sensors while main-
taining suffi cient high sensing performance for practical low-
cost gas sensors in environmental conditions. In addition, the 
approach here is a good premise for maximizing the advantages 
of the multi-scale hybridization of R-GO with a 3D structure 
and other dimensional materials for contemporary and future 
sensing devices.  

  2.     Results and Discussion 

  2.1.     Characterization of R-GO Gas Sensors 

 To study the sensing enhancement by geometrical engineering of 
sensing area, 2D and 3D sensor devices were designed with iden-
tical device areas with the length/width ratio of (≈400/8000 µm), 
as illustrated in  Figure    1  a, and fabricated in the same processes 
(see details in Experimental Section). The SU-8 micro-pillar 
array (280 × 8000 µm, 80-µm pillar diameter and 20-µm pitch) 
was built in the middle of the device channel area and an R-GO 
networked layer was formed by the reduction of GO nanosheets 
self-assembled on the surfaces of an atomic-layer deposited 
(ALD) Al 2 O 3  ultra-thin layer conformally deposited on SiO 2  
(2D sensor) or SU-8 micro-pillars (3D sensor). Figure  1 b shows 
the FESEM images of as-synthesized 3D SU-8 micro-pillars 
with the heights of 40 µm (sample No. 3D40) and 70 µm 
(sample No. 3D70). The mean thickness and roughness of the 
R-GO layer on the Al 2 O 3 -coated SiO 2  surface by atomic force 
microscopy (AFM) were about 5 nm and 10 nm, respectively 
(Figure  1 c). The FESEM images in Figure  1 d and Figure S2 
(Supporting Information) confi rm that R-GO networked layer 
can fully cover 2D and 3D Al 2 O 3  surfaces which were pre-
treated by PDDA. Therefore, by adjusting the pillar height (or 
PR thickness), we could control the total sensing area of R-GO, 
which was calculated and shown in  Table    1  . The surface area 
of the 3D40 and 3D70 samples increased by the factors of 1.97 
and 2.69, respectively, compared to that of the 2D sample.   

 To clarify the reduction of GO nanosheets self-assembled on 
an Al 2 O 3  layer by hydrazine vapors, we carried out Raman spec-
troscopy and measurements of conductance change before and 
after chemical reduction as shown in  Figures    2   and   3  , respec-
tively. For Raman spectroscopy, the measurement was per-
formed fi rstly to detect the existence of GO/R-GO nanosheets 
on the Al 2 O 3 -coated SiO 2  area (Figure  2 a) with Al 2 O 3 -coated 
SU-8 micro-pillars (Figure  2 b), and then to check the reduc-
tion by hydrazine. In Figure  2 a, both the GO and R-GO sam-
ples displayed two distinctive peaks at the D band (≈1350 cm −1 ) 
and G band (≈1600 cm −1 ). The change in the intensity ratio of 
these peaks,  I  D / I  G , was observed clearly (from 0.99 of GO to 
1.03 of R-GO), which confi rms that the reduction of GO had 
occurred. [ 38 ]  In Figure  2 b, both samples displayed two promi-
nent peaks at ≈1350 cm −1  (D band) and ≈1600 cm −1  (G band), 
although the change of the  I  D / I  G  ratio was undefi ned. Herein, 
Raman spectroscopy is very sensitive to the stress/strain and 
roughness of a testing surface, while the SU-8 polymer surface 
became stressed and was rougher after CF 4 /O 2  plasma treat-
ment and conformal Al 2 O 3  deposition at elevated temperature, 
as clearly shown in Figure S2 (Supporting Information). Addi-
tionally, structural elasticity allows GO/R-GO sheets to conform 
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to rough surfaces, resulting in the dominant roughness scatter 
in the Raman spectra. [ 39,40 ]  Nevertheless, the data in Figure  2  
confi rm the existence of GO/R-GO on the SU-8 micro-pillars. 
For current-voltage (I–V) measurement, although there was no 
clear relationship between conductance and surface area ratio 
of as-fabricated 2D and 3D devices presumably due to environ-
mental infl uences, a conspicuous increase in the electrical con-
ductance before and after the reduction was observed, as shown 
in Figure  3 a. This change verifi ed the successful conversion 
of insulating GO (resistance of ∼10 11  Ω) into semi-conducting 
R-GO (resistance of ∼10 6  Ω). In addition, Figure  3 b shows the 
transfer curve of the R-GO devices (back-gated structure) under 
drain bias voltage,  V  DS  = 2 V. Due to the thick dielectric layers 
of SiO 2  and Al 2 O 3  in the sensor, the fi eld-effect on the channel 
was small. However, the plot evidently shows that the current 
of the transfer curve, at negative gate voltages, is much higher 
than that at positive gate voltages. These results indicate that 
after reduction, the holes are the main charge carriers of R-GO 
samples under an ambient condition. [ 40 ]     

  2.2.     Comparison of Gas Sensing Performance in 2D and 3D 
R-GO Structures 

 The response behaviors and sensitivity of the sensors were indi-
cated as the relative change of electrical resistance, ( R  − R  a )/ R  a  × 
100% = Δ R / R  a  (%), where  R a   is the initial resistance of the 
sensor in dry air before the exposure and  R  is the resistance 
measured during gas exposure.  Figure    4  a,b represents the com-
parison of intrinsic responsivity between 2D and 3D sensors 
towards 5-ppm NO 2  (exposure 15 min) and 40-ppm NH 3  (expo-
sure 30 min) gases at room temperature, respectively. Because 
of the electron transfer between R-GO and the adsorbed gas-
eous molecules, the resistance to electron-withdrawing gas 
(NO 2 ) of the sensors decreased but rapidly increased to elec-
tron-donating gas (NH 3 ). This change concurs with the hole-
doping behavior of R-GO nanosheets, as previously mentioned.  

 In Figure  4 , the relative resistance changes of the 2D, 3D40, 
and 3D70 samples exposed to 5-ppm NO 2  were 19%, 21%, 
and 28%, respectively, while they were 20%, 75%, and 88%, 
respectively, when exposed to 40-ppm NH 3 . This clearly indi-
cated the trend of enhancement in responsivity to the gases by 
increasing the surface area and mass transport of the 3D sen-
sors. After introducing testing gases to the chamber (Gas ON), 
the slope of the responsive curves of the 3D sensors and the 
sensor transduction signal was generally higher than that of 
the 2D sensors, as shown more clearly in Figure  4 a. The data 
in Figure  4 a also implies that 3D sensors detected the target 
molecules faster because of the increase in the catchment area 
as well as the interaction cross-section with gas molecules. 
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 Figure 1.    a) Schematic structure of both 2D and 3D devices (left) and cross-section of 3D device (right) in which the numeric digits indicate the order 
of fabrication steps. b) FESEM images of SU-8 pillar array with different heights of 40 (left) and 70 µm (right). c) AFM image of R-GO nanosheets 
assembled on PDDA-pretreated Al 2 O 3  surface. d) FESEM images of R-GO networked layer covering 3D pillars on the sensing channel; low magnifi ca-
tion top view (left), enlarged top view (second), side view (third) and enlarged side view (right), respectively.

  Table 1.    Comparison of the total sensing area between 2D and 3D 
structures.  

Sample Channel area 
[µm 2 ]

Total sensing area 
[cm 2 ]

Area ratio of 3D/2D

2D 400 × 8000 0.032 −

3D40 400 × 8000 0.063 1.97

3D70 400 × 8000 0.086 2.69
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Analysis of the full-scale response curves shown in Figure  4 b 
can be divided into two regions: steeply and shallow sloped 
regions. [ 41 ]  For the steeply sloped region where the response 
is rapid, about 10 and 12 min was required for the 3D40 and 
3D70 samples, respectively, but only ≈5 min was required for 
2D samples. For the shallow sloped region where the response 
is slow, the 2D sensors reached saturation after gas exposure of 
≈20 min; for both 3D sensors, the resistance continued gradu-
ally increasing. These results are attributed to the large interac-
tion area of the 3D sensors. Consequently, due to the greater 
surface area, the 3D sensors contain more defects, edges, and 
other high-energy binding sites. These sites react slowly but 

make stronger bonds with reactive gas mol-
ecules such as NO 2  and NH 3 , [ 18,41 ]  resulting 
in the slower total recovery (gas desorption 
under continuous 500-sccm dry air fl ow at 
room temperature with normal lamplight 
condition) of the 3D sensors (≈90–100 min) 
compared to the 2D sensors (≈60 min). Fast 
recovery is still a major challenge for prac-
tical gas sensors. However, a strategy to cali-
brate slow-recovery R-GO sensors has been 
developed. [ 42 ]  Besides, lengthening the rapid 
response region with adjusting the exposure 
time within this regime to reduce reactions 
occurring at deep energy binding sites is a 
good option to obtain a faster restoration, as 
clearly shown in Figure S3a–c (Supporting 
Information). After the long multi-step 
reduction of GO as mentioned in Experi-
ment Section, the 3D70 sample responded 
rapidly, strongly, and rather stably to 40 ppm 
NH 3 , with ≈2% change per second, but still 
recovered well within 15 min after multiple 
2-min exposures to NO 2  and NH 3  gases. In 
consequence, our 3D R-GO sensor still has 
a potential for practical gas sensing applica-
tions at room temperature. 

 Herein, the mechanism of the sensing 
signal enhancement is mainly related to 
not only the increased catchment space 
with interaction-site density but also the 
amplifi ed mass transport with interac-
tion cross-section by vertical 3D geometry 

of micro-pillar arrays. However, the good self-assemblage of 
R-GO nanosheets to form a continuous networked layer as 
well as highways for charges to transport through entire 3D 
structures is a critical factor. Furthermore, the encapsulation 
layers on the two electrodes may contribute signifi cantly to the 
responsive signal and recovery enhancement due to the reduc-
tion of gas diffusion in the R-GO/electrode interfaces and, in 
turn, their contact resistance. Therefore, with a given device 
area, our 3D structures allow interaction with more gas mol-
ecules within a short exposure time, leading the higher sen-
sitivity and faster response to very small amounts of analytes 
at room temperature. According to Threshold Limit Values 

& Biological Exposure Indices, copyright 
2005 by the American Conference of Gov-
ernmental Industrial Hygienists (ACGIH), 
detection level assigned for NO 2  < 3 ppm 
and NH 3  < 25 ppm is important for practical 
sensors. [ 43 ]  However, our sensors were not 
truthfully responsive well towards NO 2  at a 
concentration lower than 3 ppm, while they 
showed a clear responsiveness towards NH 3  
gas at a wider range of concentration, as 
described below. At this time, the reason for 
low response of our R-GO material towards 
sub-ppm concentration of NO 2  gas is not 
clear, and thus we mainly focus on the NH 3  
response for the comparison. 
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 Figure 2.    Raman spectra of GO/R-GO adsorbed on a) Al 2 O 3 -coated SiO 2  surface and b) Al 2 O 3 -
coated SU-8 micro-pillar surface. D and G correspond to the D band (≈1350 cm −1 ) and G band 
(≈1600 cm −1 ).

 Figure 3.    a) Change in the electrical conductance of the devices before and after reduction 
of GO networked fi lm. b) Transfer curves of 2D and 3D40 R-GO devices under source-drain 
voltage ( V  DS ) of 2 V.

 Figure 4.    Sensing response of R-GO sensors towards a) 5 ppm NO 2  (exposure time ≈ 15 min) 
and b) 40 ppm NH 3  (exposure time ≈ 30 min).
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  Figure    5   shows the responses of the 2D and 3D sensors 
to various NH 3  concentrations. Herein, the ratio of the gas 
exposure time (time reaching 90% maximum response, esti-
mated from Figure  4 b) to the release time (time reaching 
90% of baseline, measured in Figure S4, Supporting Infor-
mation) [ 44 ]  was about 13/40, 21/65, and 25/80 min for the 
2D, 3D40, and 3D70 samples, respectively. In Figure  5 a, 
the relative resistance increased with increasing the NH 3  
concentration in the 2D sensor. Figure  5 b,c also shows the 
trend of the 3D sensors of the sensitivity improvement with 
increasing aspect ratio of micro-pillars. However, a slight 
baseline drift was observed in the sensors, among which the 
3D70 sample showed most clearly. Therefore, to determine 
reliable value of sensitivity and LOD, we used a new baseline 
after each pulse and re-plotted as in Figure S5 (Supporting 
Information).  

 The edited plots of the response versus NH 3  concentra-
tion are illustrated in  Figure    6  . In this fi gure, we still see the 
increase in the sensor signal with increasing NH 3  concentra-
tions. However, the plots reveal clearly that the responses of the 
2D (Figure  6 a) and 3D sensors (Figure  6 b,c) were not linear. 
This was possibly due to the incomplete recovery due to partial 
reduction of the available interaction sites for the subsequent 
pulses and slow out-diffusion of gas molecules in the multi-
layer stacking structure of the R-GO networked layer. [ 45,46 ]  The 
plots of the sensor signal versus NH 3  concentration showed an 
obvious linear regime at less than 60 ppm for both the 2D and 
3D sensors.  

 The lowest detectable gas concentration of sensors can 
be extrapolated from the linear regime of the response curve 

versus concentration, but an analytical signal 
at that concentration needs to be reliably 
distinguished from noise signal. According 
to International Union of Pure and Applied 
Chemistry (IUPAC), LOD is obtained when 
the signal exceeds three times the noise level 
in the system. [ 45 ]  The noise level and theo-
retical LOD of a sensor can be calculated by 
using the root-mean-square (RMS) deviation 
at the baseline and the slope of the response 
curve (sensitivity) as suggested by Li et al. [ 47 ]  
With this approach, as described in Figure S6 
and Tables S1,S2 (Supporting Information), 
we obtained the sensitivity, RMS noise, and 
LOD values in the linear regime for the sen-
sors in which the 3D sensors have a higher 
noise level but lower LOD ( = 3×RMS/Slope) 
as denoted in  Table    2  . Herein, considering 
the 3D40 and 3D70 samples, the linear 
slope of the 3D70 sample is higher, with a 
value of about 18% ≈46% ( = 0.797/0.614 ± 
standard error values), while its noise level 
is higher than that of the 3D40 sample up 
to 63%, resulting in the lower LOD of the 
3D40 sample. Therefore, we propose that 
due to the compensation between sensitivity 
enhancement and noise level, 3D sensors 
exhibit lower LOD than 2D sensors. Uti-
lizing 3D sensor geometry is shown to clearly 

improve the sensing performance at a given device size. Com-
pared to other room-temperature ammonia gas sensors based 
on R-GO and Gr based materials (see  Table    3  ), the obtained 
detection range of our 3D devices is comparable. Optimization 
of sensor design and fabrication process is necessary to further 
lower the LOD of 3D gas sensor.     

  3.     Conclusion 

 In summary, our R-GO based sensors were fabricated in 2D 
and 3D structures, and both sensors exhibited a high sensi-
tivity towards NH 3  at room temperature. According to the ini-
tial purpose, we completed the fundamental comparison of 
performances between our 2D and 3D R-GO sensors. With 
the supporting of SU-8 micro-pillar array, the magnitude 
of transduction signal as well as the overall sensing perfor-
mance of the 3D devices improved signifi cantly compared to 
those of the 2D devices. Although possessing a large surface 
area and thus higher noise level, 3D sensors still revealed a 
lower LOD. The above results indicated the capability of this 
3D micro-pillar structure for useful R-GO sensors to detect 
NH 3  at room temperature. At the moment, a clear rational 
relationship between the total sensing area with enhance-
ment of transduction signal, sensitivity, and LOD was not 
able to be clearly determined. However, this preliminary 
study on 3D R-GO chemical sensors provides us with the 
opportunity to not only miniaturize the sensor for lowering 
LOD but also still obtain a suffi ciently high sensing perfor-
mance for the large-scale integration. Furthermore, the out-
standing surface properties of nano-scale materials (0D, 1D, 
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 Figure 5.    Responsiveness of a) 2D, b) 3D40, and c) 3D70 sensors towards various NH 3  con-
centrations at room temperature.
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or 2D) hybridized with 3D micro-scale structures might allow 
us to exploit further improvements of the various chemical 
sensing devices. 

  4.     Experimental Section 
  Preparation of 3D SU-8 Micro-Pillar Array : After cleaning with 

Piranha, acetone, ethanol, and deionized (DI) water with sonication 
and heated at 200 °C for vapor desorption, silicon dioxide (SiO 2 )/
Si wafers were primed with hexamethyldisilazane (Acros Organics) 
to form a hydrophobic surface to enhance the adhesion of SU-8. 
SU-8 2050 PR (MicroChem) was spin coated on the wafer to build 
micro-pillar arrays with 40 µm (spinning speed of 4000 rpm) and 
70 µm (spinning speed of 2000 rpm) thicknesses. Exposure doses 
for 40- and 70-µm patterns were 250 and 350 mJ/cm 2 , respectively. 
After development of PR with the SU-8 developer (MicroChem) and 
then isopropanol (IPA), the clear patterns were followed by a 3-min 
treatment with CF 4 /O 2  plasma by chemical dry etching (CDE) system 
to remove the residual PR. The samples were then cured at 200 °C for 
30 min on a hotplate. 

  Fabrication of 2D and 3D R-GO Sensors : The fabrication of 2D and 3D 
sensors was carried out using the same processes. For the 2D devices, 
we also used PR patterning to defi ne the channel and device areas. For 
3D devices, the SU-8 micro-pillars formed on a SiO 2 /Si wafer were used. 
GO platelets (Graphene Market) were suspended in DI water (1 mg/
mL). The stable of aqueous dispersion was obtained by magnetically 
stirring at 1000 rpm for 2 h, following 12-h sonication at room 
temperature, and fi nally centrifuging at 3000 rpm for 30 min to remove 
the large residuals. Due to the different surface properties of SiO 2  and 
SU-8, the adsorption of GO on the planar SiO 2  surface (SiO 2 /Si wafer) 
would differ from that on the surface of the SU-8 micro-pillars. Thus, to 
form a thin continuous GO network for comparison of the 2D and 3D 
sensors, a conformal 50-nm-thick- aluminum oxide (Al 2 O 3 ) layer was 
deposited for all 2D and 3D samples at 200 °C by atomic layer deposition 
(ALD). Poly(diallyldimethylammonium chloride (PDDA) 20 wt% in water, 
Sigma Aldrich) was then used to modify the Al 2 O 3  surface to enhance 
the adsorption of GO nanosheets. Because the rapid response region 
increases with increasing reduction time of GO, [ 50 ]  our GO was reduced 
by 2 steps using hydrazine vapor (hydrazine monohydrate 99+%, Alfa 
Aesar) at 60 °C for 20 h and then annealed at 200 °C for 2 h in dry N 2  fl ow 
at atmospheric pressure. Cr (10 nm) and Au (50 nm) electrodes were 
then deposited through shadow-masks by electron beam and thermal 
evaporation, respectively. Finally, to minimize the change of contact 
resistance due to the diffusion of gas molecules in the metal electrode/
R-GO interface during measurement (which contributes to the overall 
sensing response of the sensors), [ 51 ]  the 100-nm Tetratetracontane (TTC) 
layer as an encapsulation layer was deposited at high vacuum (10 −6  Torr) 
using a thermal evaporation system. 

  Characterization : FE-SEM and AFM measurements were carried out 
with JEOL JSM-6500F and INNOVA, respectively. Raman spectra were 
recorded by using Alpha300 R (WITec) with 532-nm laser excitation. 
 I – V  characteristics were measured with an HP 4145B semiconductor 
parameter analyzer. 

  Gas Sensing Measurement : The sensing measurements were 
performed in a gas sensing system with gas supply and control units 
as shown in Figure S1 in the Supporting Information. To reduce 
the electrical contact noise, we used open-cavity ceramic packaging 
(Spectrum) and gold wire bonding. The device was loaded into a testing 
glass tube chamber placed in a thermostatic furnace. The temperature 
inside the chamber was stabilized at 300 ± 1 K. Dry synthetic air 
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 Figure 6.    Response curves versus NH 3  concentration for a) 2D, b) 3D40 
and c) 3D70 R-GO sensors after a new base line was used.

  Table 2.    Comparison of the noise level and LOD between 2D and 3D 
sensors.  

Sample Surface ratio 
[3D/2D]

Sensitivity 
[ppm −1 ]

Standard 
Error [ppm −1 ]

RMS 
Noise [%]

LOD 
[ppm]

2D − 0.128 0.007 0.086 2.025 ± 0.111

3D40 1.97 0.614 0.107 0.244 1.193 ± 0.208

3D70 2.69 0.797 0.055 0.399 1.501 ± 0.104
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(21% v/v O 2 /N 2 ), that is, carrier gas, was used for purging and dilution. 
The maximum fl ow rate (500 sccm) of the carrier gas was maintained 
as constant. The maximum concentration of 500-sccm testing gas was 
5 ppm for NO 2  in air and 100 ppm for NH 3  in air. Further dilution was 
controlled manually through mass fl ow controllers (MFC). Electrical 
currents were monitored using a Keithley 2400 meter. The implemented 
software (Keithley) allowed control of the bias voltage (2 V), limit current 
(10 mA), and recording output signal of the current and resistance.   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library 
or from the author, including: diagram of the sensing measurement 
system; FESEM images of 3D surfaces after Al 2 O 3  deposition; high 
sensing performance of 3D70 R-GO sensors; measurement of recovery 
time for R-GO sensors; and calculation of noise level and detection limit.  
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