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ABSTRACT Much greater surface-to-volume ratio of hierarchical
nanostructures renders them with promising potential for high
performance chemical sensing. In this work, crystalline nanocombs
were synthesized via chemical vapor deposition and fabricated into
resistive gas sensors. Particularly, NO, sensing performance of these

devices has been systematically characterized, showing higher sensitivity
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as compared to their nanobelt counterparts. Through device simulation,
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it was discovered that the teeth part of a nanocomb could serve as a “negative-potential gate” after accumulating electrons captured by surface adsorbed NO,

molecules. This self-gating effect eventually results in a greater reduction of nanocomb device channel conductance upon NO, exposure, as compared to a nanobelt

device, leading to a much higher NO, detection sensitivity. This study not only sheds light on the mechanism of performance enhancement with hierarchical

nanostructures, but also proposes a rational approach and a simulation platform to design nanostructure based chemical sensors with desirable performance.
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n the past decade, gas sensors based on

quasi-one-dimensional (Q-1D) semicon-

ducting nanostructures have received
tremendous attention because of their im-
proved sensitivity compared with conven-
tional thin film counterparts. Featuring
largely increased surface to volume ratio,
rich surface chemistry on the nanostructure
surfaces effectively alters electrical transport
properties of the structures, which can poten-
tially lead to miniaturized chemical and bio-
logical sensors with high performance.'™” In
this regard, diverse strategies have been ex-
plored to fabricate chemical sensors based on
nanotubes,® " nanowires,'*~"* nanorods,'®"”
nanobelt'®'® etc. Substantial effort has been
invested in enhancing their sensing perfor-
mance, including sensitivity,”> 2> selectivity®*
and long-term reliability.?> Hierarchical nano-
structures are particularly promising candidate
materials to further improve sensing perfor-
mance due to their extremely large surface-to-
volume ratio. As a matter of fact, several
hierarchical nanostructures have been fabri-
cated into chemical sensors using materials
such as ZnO,%° Sn0,,*"?® and In,05.% In this
paper, unique hierarchical ZnO nanocombs have
been successfully synthesized with chemical
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vapor deposition method. A nanocomb es-
sentially consists of a nanobelt backbone and
an array of nanowire teeth, thus featuring
high surface area enabling more adsorption
of target chemical species. In this paper, these
devices were fabricated into two terminal
resistive gas sensors and their performance
has been systematically characterized. A
much higher sensitivity, e.g., 49 times sensi-
tivity for 5 ppm at 200 °C, to NO, of nano-
combs is observed as compared to the
nanobelt-based devices. In addition, device
simulation was performed in order to further
investigate the origin of the improved sensi-
tivity. By exploring three-dimensional poten-
tial distribution across the device, the teeth
part of a nanocomb was found to serve as a
“negative-potential gate” after accumulating
electrons captured by surface adsorbed NO,
molecules. This “self-gating effect” was found
to induce a greater reduction of nanocomb
device channel conductance upon NO, ex-
posure, as compared to a nanobelt device,
leading to a higher NO, detection sensitivity.

EXPERIMENTAL RESULTS AND DIS-
CUSSIONS

Characterization of Zn0 Nanocomb and Nano-
belt. Both ZnO nanocombs and nanobelts
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could be successfully fabricated using the vapor trap-
ping Chemical Vapor Deposition (CVD) method (refer
to the Fabrication Method section). The quartz vial
provides a zinc vapor rich environment (Figure 1a);
thus, a gradually decreased zinc/oxygen vapor pres-
sure ratio is formed from the inside vial to the outside.
At the bunghole, a small partial vapor pressure differ-
ence between zinc and oxygen leads to high nucleation
rate so that nanocomb was created due to the polar
surface growth. Moreover, nanobelt was found outside
of the bunghole, where higher oxygen concentration
results in surface reaction’s domination in growth.3° XRD
characterizations (Figure S1) of these structures have
confirmed that they are all crystalline ZnO nanostruc-
tures. The typical SEM image illustrated in Figure 1c
clearly shows the hierarchical shape of a single ZnO
nanocomb grown at the area inside the bunghole. It is
apparent that the ZnO nanocomb is composed of a long
backbone ribbon and highly ordered teeth parallel to
each other. The teeth of the dendrite exhibit preferred
orientations, indicating a preferred growth direction. On
average, the ribbon part is around 0.8 um wide, and the
teeth part is around 3 um long and 0.15 um wide, with
0.15 um spacing. Nanobelts were found at the outer
area of the silicon chip; they have a close to triangle
shape with a base width of 0.8 um and a height of
around 6 um. Panels d and e of Figure 1 show TEM
images for nanobelt and nanocomb, respectively. It is
evident from these images that the long axes of nano-
belts and nanocombs have the same crystal orientation
([1700]), and the teeth of the nanocombs grow along
[0001] direction. These observations are consistent with
the previous reports3'32

Electronic Properties of Zn0 Nanocomb and Nanobelt. To
characterize their electronic properties, ZnO nanobelts
and nanocombs have been fabricated into back-gated
field-effect transistors (FETs) following the fabrication
approach reported previously.>® Figure 2a,b demon-
strates the /—Vy, curves of the representative nanobelt
and nanocomb FET devices, obtained at different gate
voltages, with the insets showing the SEM images of
the devices. N-type behavior can be seen by the fact
that increasing gate voltage leads to the increase of
source-drain current. Meanwhile, near-ohmic contact
can be also observed, which is manifested by the close
to linear |-V, relationship near zero source-drain bias.
Panels ¢ and d of Figure 2 show the transfer char-
acteristics (/—V,) of the nanobelt and nanocomb FETs,
respectively, obtained under different drain biases
from 0.05 to 0.2 V with a 0.05 V step size. It is apparent
that these devices are typical n-channel devices with
increasing gate voltage leading to higher channel
conductance and they do not show significant differ-
ence on the level of ON current. Furthermore, as the
nanobelt has a regular geometry, its capacitance (Coy)
with respect to the p++ back-gate can be easily
simulated to be 1.1 x 107 '® F using Finite Element
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Figure 1. (a) The instrumental setup designed for vapor
trapping CVD method is illustrated. The quartz vial is used
to create a zinc rich environment. Top-view SEM images of
nanobelt (b) and nanocomb (c). TEM images of a nanobelt
(d1, d2), nanocomb teeth backbone junction (e1, e2) and its
teeth (e3). It is evident that nanobelt and nanocomb pro-
duced from this method have an identical crystal orientation.

Method Magnetics (FEMM) program (Figure S2). There-
fore, the carrier concentration (n) and field-effect mobi-
lity («) can be estimated using the following expression:

Vath 1

n = X X Cox = 2.1 x10"%ecm ™3 (1)
e LxS

p = (dl/dVgs) x (L*/Cox) x (1/Ves) = 36cm?/Vs (2)

where dl/dV is the transconductance extracted from
the linear region of the |-V, curves, L and S are length
and the cross-sectional area of the nanobelts, and Vg, is
the gate threshold voltage. While nanocomb is not a
simple structure, we only estimated the field-effect
mobility of the nanocomb device shown in Figure 2b.
With the use of the FEMM simulation tool, the capaci-
tance was found to be 1.9 x 107 '° F, and since Vg, =
—6.22V, di/dVy4s = 1.28 nA/V, the field-effect mobility of
the nanocomb device is estimated to be

p = (dl/dVgs) x (L*/Cox) x (1/Vas) = 5.4cm?/Vs
(3)
It can be seen that the nanocomb device has much
lower field-effect mobility as compared to the nanobelt
device; this can be attributed to larger surface area and
more surface defect/dangling bonds which can intro-
duce more carrier scattering.
Gas Sensing Behavior of Nanostructure. The fabricated
nanobelt and nanocomb FETs can be readily used as
gas sensing devices after wire bonding onto chip
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Figure 2. I4s—Vy4s curves measured from a nanobelt device (a) and a nanocomb device (b). Gate voltage from —20 to 10 V was
applied to both devices. The insets are SEM images of nanostructure based back gate FET devices. At four steps of drain
voltage, I3;—V, curves of nanobelt (c) and nanocomb (d) were also measured.

carriers (Figure S4). Gas sensing experiments were
carried out in a laboratory experimental platform con-
sisting of a vacuum chamber with electrical feed-
throughs, an air pump and a gas delivery system with
mass flow controllers (MKS). Before samples were
tested, the vacuum system was purged with dry N,
for 5 min then pumped down to 10> Torr followed by
sample cleaning at 200 °C for 0.5 h in order to remove
all the surface adsorbents (primarily H,O and O,). Then
a series of sensing measurements were conducted at
200 °C with the cover closed. As a result, the experi-
ment was performed in a dark environment without
illumination. It is known that UV induces photocurrent
in ZnO; therefore, it is necessary to keep the sample in
dark condition in the case of laboratory tests. If this
sensor is to be deployed for real-life application in
which the sensor needs to be exposed to gases and
therefore might be exposed to illumination thus in-
troducing a drift in the sensor's response, we intend to
solve this issue by designing a read-out circuit with
drift/offset cancellation circuitry.

Figure 3 demonstrates time domain response of a
typical nanocomb and a nanobelt sensor to NO, gas
with different concentrations. For the nanocomb sen-
sor, a NO, low concentration of 100 ppb already leads
to a sensitivity of 1.5 (we define the sensitivity as
Rno,/Ro)->**> When the concentration is increased up
to 5 ppm, the current is significantly reduced immedi-
ately. When the current change is converted to resis-
tance change ratio, the sensitivity is found to be as
high as 120. Nanobelt sensor shows a significant resis-
tance change from 2.5 ppm. For 5 ppm NO,, the nano-
belt device sensitivity is estimated as only 2.45 which is
much smaller than that of the nanocomb device. Further
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increase of the concentration to 10 and 20 ppm results
in a nanobelt sensitivity of 4 and 6.8, respectively. Note
that the observed sensitivity, especially that of the
nanocomb device, does not linearly depend on the
concentration. In fact, a power law relationship between
sensitivity and concentration is modeled, as shown in
Figure S3.This is consistent with various reports from the
literature suggesting with experimental and theoretical
means that a power law equation is one of the best fit to
model the gas sensor sensitivity and concentration
relationship3®~3° For the sake of comparison, it is
obvious that the best scenario is to compare the two
devices under the same concentration range but un-
fortunately the two devices feature different dynamic
range. Indeed, detection limit of the nanocomb devices
is much lower than that of nanobelt one. Therefore, the
dynamic range of the nanocomb and the nanobelt
devices was set at 0.1—5 ppm and 2.5—20 ppm, respec-
tively. It was found that for the nanobelt device, 20 ppm
still cannot completely turn off the channel conduc-
tance, which explains the higher setting limit.

Device Simulations. To further highlight the large
performance improvement of nanocomb vs nanobelt
sensors, device simulations using Silvaco (version
5.16.3.R) were performed. In these simulations, adsorp-
tion of gas molecules was replaced by surface states.
This approach was used to describe the dynamic
conductance responses of gas sensors to oxygen as
previously reported.”**" In general, conductance re-
duction of ZnO nanowires can be explained using
surface vacancy defects model. Namely, oxygen va-
cancy defects on the nanowire surface help adsorption
of oxidizing molecules, which in turn capture free
electrons. Equivalently, these vacancy defects function
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Figure 3. Gas sensing measurement conducted at 200 °C: (a) 0.1, 1, 2.5, and 5 ppm NO, were applied to the nanocomb device;
(b) 2.5, 5, 10, and 20 ppm NO, were applied to the nanobelt device.

TABLE 1. The Surface State and ZnO Material Related Parameters Adopted in the Simulation*>***°

surface state energy level surface defects density

E.—15eV 48 % 10" m 2 100 cam¥/(V s)

as acceptors decreasing free electron concentration.
These defect states can also form space charge region
and cause band bending near the surface region after
capturing electrons.*? The corresponding parameters in
the simulations are listed in Table 1. In this table, surface
defect density (4.8 x 10" cm™?) reflects the density of
surface adsorbed molecules, which is expected to have a
positive correlation with gas concentration.

The precise geometry of the nanobelt and nano-
comb structures used in our simulations can be seen
from Figure 4a,b, where dimensions were chosen
according to the experimental observation. In all simu-
lations, 0.5 V constant voltage was applied across
source and drain electrode and the electrostatic po-
tential distributions in the nanobelt and nanocomb are
shown in Figure 4c—f and the conduction band bend-
ing are shown in Figure S5a—d. Specifically, Figure 4c,d
show potential distributions on the middle cross-
sectional planes of a nanobelt cut from nanobelt
thickness dimension. panels c and d of Figure 4 show
scenarios without and with surface defect states, re-
spectively, simulating the situation of the nanobelt
before and after exposure to NO, gas molecules. It
can be seen that the potential of the edge of the
nanobelt becomes negative after adsorption of NO,
gas molecules with the lowest potential of —1.16 V
near the middle of the nanobelt toward the source,
indicating the capture and accumulation of electrons.
The edge potential at the location close to source or
drain electrode is higher due to the effect of the fixed
potential at the source and drain. As electrons can be
continuously supplied from source, capturing electrons
on nanobelt surface does not directly reduce carrier
concentration in the active channel, however, the above
observed negative gating effect can lead to regulation
of carrier concentration in n-type semiconducting nano-
belts, manifested by their reduced conductance. In fact,
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electron mobility

hole mobility electron effective mass hole effective mass

34 am/(V 5) 0.24m, 0.8m,

negative surrounding gating effect resulted in ZnO
nanowire conductance drop has also been observed
in optoelectronic study.*® In both cases, accumulation of
electrons is the key factor in reducing the conductance.
Furthermore, Figure 4e and f show the potential dis-
tributions of a nanocomb before and after exposure to
NO, gas molecules. It is interesting to note that a
gradient potential drop was observed from the back-
bone to the teeth end in Figure 4e. This is due to the fact
that ZnO teeth are semiconducting and the bottom
substrate below the dielectric is grounded in simulation,
while upon exposure to NO, of the nanocomb device in
Figure 4f, large number of electrons are captured and
accumulated on the backbone as well as the teeth.
Particularly for the teeth part, their relatively small diam-
eter results in a large negative potential of —3.1 V.
This negative potential dramatically affects the potential
distribution in the backbone of the nanocomb, espe-
cially at the junction of the teeth and the nanobelt
backbone, as shown in Figure 4f. Overall, this negative
self-gating effect has led to lower channel conductance
as shown in aforementioned experiments. Meanwhile,
I4s—Vg4s curves of the nanobelt and nanocomb devices
were also obtained with simulation shown in Figure S6.
It is interesting to observe that the teeth part of the
nanocomb does not contribute to conductance as the
I4s— Vs curves for nanobelt and nanocomb are almost
the same, without surface state/NO, adsorption. This
observation is also consistent with the /—V curves
experimentally measured in Figure 2.On the other hand,
it is evident that with NO, adsorption, the conductance
of the nanocomb device is about 10 times less than that
of the nanobelt device, clearly indicating the strong
effect of the charge trapped on surface of the nano-
comb teeth part. Beside the surface defect density used
in Table 1 (4.8 x 10" cm ™), two more defect densities,
namely, 1 x 10" and 3.5 x 10" cm™2, have also been
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Figure 4. Schematics illustration of morphology parameters adopted in the simulation for nanobelt (a) and nanocomb (b)
correspondingly. At 0.5 V drain voltage, (c) and (d) are nanobelt potential distribution without and with NO, exposure,
respectively, and (e) and (f) are nanocomb potential distribution without and with NO, exposure, respectively.

used for simulation and the simulated /—V curves and
device potential distributions are shown in Figure S7. It is
conspicuous to note that the conductance of the de-
vices monotonically decreases with increase of surface
defect density while the nanocomb teeth potential
decreases monotonically with increase of surface defect
density as well. These results show a consistent relation-
ship between the surface defect density and the device
channel conductance. In the future, the relationship
between the surface defect density and the gas con-
centration needs to be studied, which can provide more
accurate prediction/interpretation of experimental mea-
surements and benefit sensor design optimization.

CONCLUSIONS

In summary, we have demonstrated fabrication of
nanobelt and nanocomb-based gas sensors, followed

FABRICATION METHOD

ZnO nanobelt and nanocomb were fabricated using our
previously developed vapor trapping chemical vapor deposi-
tion (CVD) method.?® Figure 1a demonstrates a schematic of
growth configuration. In brief, a 1 cm diameter quartz vial
containing 0.3 g of Zn powder (99.9% Sigma-Aldrich) was
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by systematic electrical transport characterization and
gas (NO,) sensing property investigations of these
nanostructures. It was discovered that the hierarchical
nanocomb structure substantially outperformed the
nanobelt counterpart on sensitivity. Through device
simulation, it was revealed that capturing electrons
with defects on material surface leads to a negative
self-gating effect, which is particularly pronounced for
nanocomb devices due to extra surface area. Conse-
quently, this effect resulted in much greater channel
conductance reduction upon NO, exposure for a nano-
comb device. These results revealed the mechanism
of chemical sensing performance enhancement with
hierarchical nanostructures. The paper also outlines an
approach to further optimize the nanostructure based
chemical sensors using experiments in conjunction
with device simulations.

placed in the middle of the 1 in. quartz tube with the opening
end facing down flow of the carrier gas. Such a configuration
favors confining Zn vapor locally, thus improving ZnO growth
yield. A clean Si was then coated with colloidal gold (Au)
nanoparticles with diameter of 30 nm and placed at the bung-
hole of the small quartz vial. After establishing steady gas flow
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with nitrogen at 1 atm pressure, the furnace (Lindberg Blue M)
was heated to 700 °C and 100 sccm mixture of oxygen gas and
nitrogen gas (N»/O; 9:1 v/v) was continually admitted into the
furnace for 20 min and then switched back to pure nitrogen
followed by natural cooling down of furnace temperature.
Eventually, the silicon substrate appears white due to the
densely deposition of ZnO nanostructures which were charac-
terized by X-ray diffraction (XRD) (Figure S1), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
The ZnO nanobelt and nanocomb FETs were fabricated using
photolithography followed by microelectrode metallization.
Briefly, after ZnO nanostructures growth, the growth chip was
ultrasonicated in alcohol to form suspensions of nanomaterial.
Then the suspensions were drop-casted onto precleaned Si chips
capped with 1 um thermally grown SiO, on the top. Subsequently,
LOL 2000 and FH6400L were spin coated onto the chips followed
by exposure using SUSS MA6 with a square pad array photolitho-
graphy mask. After development of the photoresist in FHD-5,
bilayer metal contact (10 nm Ti and 90 nm Au) was evaporated
onto the chips followed by lift-off in acetone. After the device
fabrication process, the devices were annealed at 200 °C for 20 min
to improve the contact between nanostructure and electrodes.
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