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 Batteryless chemical or biological detection, i.e., sensing without 
the need for an external power source, is an attractive scheme 
that will have instant advantages over the existent sensing 
technology in which the gas, chemical, or biological detection 
is based on equilibrium thermodynamic quantities such as 
resistivity/conductance or capacitance that have to be moni-
tored electrically or optically. [  1–12  ]  Semiconducting nanowire- or 
nanotube-based sensors have been well-documented to exhibit 
an ultrasensitive detection limit because of their large surface-to-
volume ratio. Despite their relatively small power consumption 
(as little as sub-microwatts power), [  1  ,  4  ,  8  ,  13  ]  these sensing plat-
forms (or any other existing solid-state bulk sensors) require an 
external power source (battery) to operate. This, to large extent, 
curbs the nanosensor sizes and their reachable locations, as 
the macroscopic dimensions of power sources often far exceed 
those of nanosensors. It has been proposed that the small 
power needed for such a nanosensor can be harvested from 
the surrounding environment. [  14  ]  For this purpose, however, 
specifi c types of environmental energy sources have to exist. 
In addition, the fabrication of such an energy nanogenerator 
is highly non-trivial, and in most cases, prohibitively expensive 
and bulky to be integrated into nanosensor systems. [  15–17  ]  

 In this Communication, we report the fabrication of the fi rst 
generation batteryless sensors that use one-dimensional semi-
conductor nanowires. These nanosensors take advantage of a 
unique interaction mechanism between chemical species and 
semiconductor nanowire surfaces that induce an electric poten-
tial between the two ends of nanowires or between the exposed 
and unexposed nanowires. As a prototype study, we demon-
strate the sensing ability of our batteryless sensors with two 
different types of platforms, using ethanol solvent as a testing 
agent. 

  Figure    1a  and b  show schematically the designs of two different 
sensing platforms, respectively. The fi rst platform, Figure  1a , 
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is fabricated from the vertically-aligned single-crystalline ZnO 
nanowires (n-type), and the second one, Figure  1b , utilizes 
randomly-aligned boron-doped silicon nanowires (p-type). We 
choose ZnO and Si nanowires as they have been proved to be 
good sensor materials. [  1  ,  7  ,  8  ,  10  ]  In the fi rst sensing platform, we 
expose the tips of nanowires to chemical species and mon-
itor the change of the electric potential along the two ends 
of nanowires (Figure  1a ). In the second platform, about 80% 
of silicon nanowire network is sealed with insulation glue, 
leaving the rest of nanowires exposed to chemical species. In 
this platform, the potential difference between the exposed and 
unexposed nanowires is monitored (Figure  1b ).  

 The as-grown ZnO nanowires have a length of  ∼ 6–7  μ m 
and an areal density of  ∼ 30/ μ m 2 , as shown in Figure  1c . 
After the growth, ZnO nanowire forest was infi ltrated with a 
poly(vinyl chloride-co-vinyl-co-2-hydroxypropyl acrylate) (PVC) 
polymer and etched with oxygen plasma, leaving  ∼ 0.1–0.5  μ m 
nanowire tips exposed. Based on the nanowire density given 
above, the exposed surface area of the nanowires is estimated 
to be 6.6  μ m 2  per  μ m 2  device area. The carrier concentration 
of these as-synthesized ZnO nanowires is on the order of 5.2  ±  
2.5  ×  10 17  cm  − 3 , as reported in the reference. [  18  ]  For sensing 
experiments, Au/Ti (100 nm/4 nm) fi lm and Ag paste were used 
to make the top and bottom electrical contacts, respectively. 
Standard electric current versus voltage ( I–V ) measurements 
( − 0.5 V  ∼  0.5 V) are applied to check that good electrical con-
tacts are made. 

 The diameters of the Si nanowires are around 30–55 nm and 
the lengths are up to tens of micrometers, [  19  ]  Figure  1d . To test 
the sensing property of the Si nanowire interconnection net-
work, Au(100 nm)/Ti(4 nm) fi lm was evaporated on two oppo-
site sides of the substrate as electrical contacts. Insulation glue 
was then applied to seal one side of the electrode and 80% of 
the silicon nanowire network. Again, standard  I–V  scans are 
adopted to ensure that good electrical contacts are made on all 
test-bound devices. 

 To probe the effectiveness of the ZnO nanosensor (i.e., 
platform one in Figure  1a ) on chemical species at room tem-
perature, we drip a small volume ( ∼ 2.2  μ L) of ethanol ( ≥ 99.5%, 
SIGMA-ALDRICH, St. Louis, MO, USA.  ≤ 0.005% water) on the 
device surface and monitor the change of the electric voltage 
between the two ends of nanowires. A sharp rise of an electric 
voltage with the peak value on the order of  ∼ 170 mV is observed, 
 Figure    2a  . The rise of the electric signal is almost instanta-
neous but decays slowly to zero level as the ethanol solvent 
evaporates. This result indicates that the chemical sensor made 
of ZnO nanowires is recoverable. Interestingly, little electric 
mbH & Co. KGaA, Weinheim wileyonlinelibrary.com 117
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    Figure  1 .     Schematics of chemical sensor design using (a) vertically- or (b) randomly-aligned 
nanowire platforms, respectively. Scanning electron micrographs of (c) as-grown ZnO 
nanowires, and (d) Si nanowires, respectively.  
voltage is observed when a small amount of hexane solvent 
( ≥ 99.0%, SIGMA-ALDRICH, St. Louis, MO, USA.  ≤ 0.001% 
water) is dripped onto the surface of the same device (blue 
curve in Figure  2a ), suggesting that the nanosensor selectively 
responds to different types of solvent molecules. These experi-
ments, together with our measurements using more than 15 
different types of organic solvents (e.g., hexane, acetone, ben-
zene, chloroform, toluene, 1,4 Dioxane, 1-butonal, 1-propanol, 
pyridine, N,N-dimethylacetamide, and dimethyl sulfoxide ; 
also see  Table    1   and Supporting Information Figure S1–S4), 
strongly suggest that the magnitude of the peak voltage scales 
sensitively with the dipole moment (  μ  ) and surface coverage of 
the tested solvents, with non-polar solvents such as hexane and 
benzene generating essentially zero electric voltage. This trait 
makes it possible for our nanosensors to detect different types 
of chemical species and their concentration levels.   

 It is noteworthy to point out that, unlike other types of high 
dipole moment molecules, interestingly, de-ionized water 
(  μ    =  1.85D) produces little voltage signal in our nanodevices 
(Supporting Information, Figure S4). This is likely due to the 
fact that the surface tension of water (71.99 nN/m) is more than 
three times higher than that of ethanol (21.97 nN/m), leading 
to poor surface wetability in our nanodevices. The negligible 
voltage signal observed by water eliminates the possibility of 
water (in the air or in some solvents) contamination/contribu-
tion to our nanosensors. [  20  ]  

 To test the sensing ability of ZnO platform to small con-
centrations of ethanol solvent, we mix different percentages 
of ethanol with hexane (note that hexane does not generate 
voltage signal in our device) and drip them onto the surface of 
the nanosensor. The dripping volume is fi xed at  ∼ 2.2  μ L per 
drop. The voltage measurement results shown in Figure  2b  
demonstrate that the induced peak electric voltage increases 
stepwise with the concentrations of ethanol solvent, and that 
the voltage signal is reversible for decreasing or increasing 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com
ethanol concentrations. The lowest concen-
tration level we have tested so far using ZnO 
nanowire platform is 0.27 vol.%, which yields 
a peak voltage signal of 11.7 mV. A higher 
detection limit is possible as our electric 
probe station has a voltage resolution better 
than one tenth of mV ( ∼ 50  μ V, equivalent to 
10 ppm ethanol concentration level). 

 To establish reproducibility, we carried 
out three independent measurements on 
one single device, as displayed in the inset 
of Figure  2b , showing that the concentration 
dependence of the voltage signal is slightly 
non-linear. We observed this non-linearity 
in all fi ve good devices we tested. There are 
two possible reasons that could have con-
tributed to this behavior. First, the vertically-
aligned ZnO nanowires have different expo-
sure height ( ∼ 0.1–0.5  μ m), which may lead 
to different magnitudes of voltage signals 
for each individual nanowire and collec-
tively contribute to the overall output voltage. 
Second, the observed nonlinear response 
may also suggest that the change of the elec-
nO nanowires after molecular adsorption is 
tron affi nity of Z

non-linear, as it could have a complex dependence on surface 
coverage, molecular size, dipole moment, and surface tension 
of the solvents. [  21  ]  We found that, independent of the ethanol 
concentration levels, the recovery time of our nanosensor is 
relatively short ( < 100 s). The fast recoverable time of our nano-
sensor is due to the volatile nature of ethanol and hexane in 
ambient atmosphere, and is advantageous over other nanowire-
based sensors that, because of large surface-to-volume ratios, 
often have a much longer recovery time. [  3  ,  8  ]  

 Note that in both platforms (Figure  1a and b ), the tested 
solvents also wet one metal contact of our nanodevices. It is 
known that the electrochemical potential of a metal contact 
can be shifted once immersed into liquid solutions/solvents. 
We have thus carried out additional experiments to quantify 
the accurate value of this electrochemical potential shift using 
devices without nanowire protrusions, as well as a device fab-
ricated from single-crystal ZnO. In both cases when ethanol 
solvent was used, we observed a voltage signal on the order of 
 ∼ 1 mV (Supporting Information, Figure S5), consistent with 
the results reported by Ghosh et al. on carbon-nanotube metal 
interfaces, [  22  ]  and supporting our suggestion that the active 
functioning ingredients in our nanosensors are semiconducting 
nanowires rather than the metal contacts. 

 Figure  2c  shows the electric voltage of the silicon nanowire 
device in response to different concentrations of ethanol sol-
vent. A similar decreasing trend is observed in this device with 
the decreasing ethanol concentrations. Furthermore, we found 
that the decay shape of the electric voltage as a function of time 
is drastically different from that of ZnO nanowire sensors, pos-
sibly due to the change of the wetting area difference between 
ZnO and silicon nanowire devices. The irregular decay shape 
of the voltage signal in the silicon nanowire device is currently 
not well-understood and requires further investigations. None-
theless, these results demonstrate that it is possible to extend 
heim Adv. Mater. 2011, 23, 117–121
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   Figure  2. (a) Voltage signals of ZnO nanowire platform in response to 
pure ethanol and pure hexane solvent, respectively. (b) The change of 
voltages in ZnO nanosensor responds to different concentrations of eth-
anol solvent. The inset is the peak voltage signal versus ethanol concen-
tration as obtained from three independent measurements (blue, green, 
red solid squares, respectively) on the same device. A slightly nonlinear 
behavior is observed. (c) Voltage signals of randomly-aligned Si nanowire 
sensors respond to different ethanol concentration levels.

   Table  1.     Representative chemicals tested on our nanodevices and their 
physical properties at 25 ° C. [  31  ]  The generated voltages were measured 
on each of fi ve different ZnO nanowire devices in ambient atmosphere. 
All the solvents (except water) listed here were acquired from SIGMA-
ALDRICH, St. Louis, MO, USA. 

Chemical 
name

Linear formula Purity Density 
(g/mL)

Dipole 
moment (D)

Open circuit 
voltage measured 

(mV)

Ethanol CH 3 CH 2 OH  ≥ 99.95% 0.789 1.69  ∼ 130–170

Hexane CH 3  (CH 2 ) 4 CH 3  ≥ 99.0% 0.659 0  ∼ 0–3

Water H 2 O  ≥ 99.9% 1.000 1.85  ∼ 0–0.3

Acetone CH 3 COCH 3  ≥ 99.9% 0.793 2.88  ∼ 190–270

Chloroform CHCl 3  ≥ 99.8% 1.483 1.08  ∼ 28–37

Dimethyl 

sulfoxide

(CH 3 ) 2 SO  ≥ 99.9% 1.100 3.96  ∼ 55–65
the batteryless sensing platform to randomly-aligned semicon-
ductor nanowire systems. 

 The working principle of our nanosensors relies on partial 
exposure of semiconducting nanowires to target chemical spe-
cies and a non-ohmic contact that is necessary for the nano-
sensors to function. Qualitatively, the energy-band diagram of 
our devices is shown in  Figure    3a  . The Fermi level, conduction 
band, and valence band of the devices before chemical exposure 
are denoted as E F , CB, and VB, respectively. Note that there 
exists a non-ohmic contact and band bending (upwards bending 
for ZnO, and downwards bending for Si) in both devices. Upon 
adsorption of molecules (such as ethanol), it is known that the 
carrier density (electrons for n-type ZnO nanowires, and holes 
for p-type Si nanowires) of the exposed nanowire segment is 
altered, leading to profi le modifi cation of CB to CB’. [  1  ,  23  ]  This 
process metastably tilts the Fermi level of nanowires from E F  
to E F ’, and renders a detectable potential offset between the 
top (Au) and ground (Ag) contacts. The thermodynamic re-
equilibration of the Fermi level will require electron drift/dif-
fusion through the non-ohmic contact or through a discharge 
process by short-circuiting the top and ground contacts. This 
qualitative picture suggests that the magnitude and shape of 
the voltage signals we observed are closely tied to the electron 
donating/withdrawing ability of molecules (as well as their 
other physical properties), the nature of the non-ohmic contact 
(which can be modifi ed by molecules), and the charge carrier 
density (electrons or holes) within the nanowires. In the case of 
an ohmic top contact or near metallic nanowires (for example, 
highly-doped Si nanowires), we did not see appreciable voltage 
signals from ethanol solvent, which is in accord with our above 
hypotheses.  

 To quantitatively understand the physical origin/mechanism 
of our nanosensors, we further carried out quantum mechan-
ical calculations using density functional theory (DFT). For 
simplicity, the calculations focus on the chemisorption effects 
(using ethanol molecule as a prototype) on the electron affi nity 
( χ ) and work function ( φ ) of semiconducting ZnO nanowires. 
The results indicate that ethanol molecule has a negative 
adsorption energy when it interacts with ZnO nanowire 
top ((0001) or (0001)) or side (1010) surfaces. This negative 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 119
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   Figure  3. (a) Schematic energy-band diagram of the nanosensor before 
and after molecular adsorption. (b) The minimum energy confi guration of 
ethanol structure after adsorption on the side surface of ZnO nanowires, 
indicating that the adsorption of ethanol on ZnO surface is characterized 
by the formation of a chemical bond between the O-atom in ethanol and 
a Zn-atom, and a hydrogen bridge bond between ethanol and an O-atom 
in ZnO. The yellow color in the fi gure represents the electron density. 
Note the slight overlapping of the yellow color between an H-atom and an 
O-atom in ZnO. (c) The change of work function ( φ ), electron affi nity ( χ ), 
and band gap (E g ) of ZnO surface as a result of the adsorption of ethanol 
molecules onto the side surface, as obtained from quantum mechanical 
calculations. The surface coverage in the fi gure is defi ned as the ratio of 
molecule numbers over ZnO unit cells.
adsorption energy is the main driving force that allows ethanol 
molecules to be adsorbed. Figure  3b  indicates that under the 
minimum energy confi guration condition, the adsorption of 
ethanol onto ZnO surfaces is characterized by the formation of 
a chemical bond between the O-atom in ethanol and a Zn-atom, 
as well as a hydrogen bridge bond between an H-atom and an 
O-atom in ZnO. After adsorption, we found that the electron 
affi nity, as well as the work function, of ZnO nanowires in con-
tact with ethanol molecules has been substantially altered, as 
shown in Figure  3c . The change of the electron affi nity scales 
approximately with the surface coverage, but shows a non-
linear behavior that qualitatively agrees with our experimental 
observations. Under the minimum energy interaction con-
fi gurations, Figure  3c  indicates that the absolute value of elec-
tron affi nity ( χ ) of clean ZnO surface decreases from 4.5 eV to 
2.4 eV when the surface coverage of ethanol increases from 
0 to 100%, whereas the band gap remains fairly constant. We 
note that the electron affi nity changes from our calculations are 
about one order of magnitude higher than those we measured 
from experiments, possibly due to the reasons that (1) the cal-
culations used clean ZnO surfaces such that their interactions 
with molecules are stronger, and (2) the change of the electron 
affi nity may not completely refl ect on the measured potentials, 
as the thermodynamic re-equilibration process tends to reduce 
the potentials. Nonetheless, the change of the electron affi nity 
of ZnO when exposed to ethanol solvents is consistent with the 
qualitative picture depicted in Figure  3a  and appears to be the 
main reason that leads to the large electric potential difference 
between the two contacts of ZnO nanowires. In addition to the 
surface coverage, our calculations also revealed that the dipole 
moment of the solvent molecules and its orientations relative 
to the ZnO surfaces have direct impacts on the magnitude of 
the electron affi nity change. Since different organic molecules 
have different dipole moments, this characteristic makes our 
nanosensors promising to detect different types of chemical- or 
bio-molecules. 

 In summary, we have demonstrated two different types of 
batteryless sensing platforms at room temperature using either 
vertically-aligned ZnO or randomly-aligned silicon nanowires. 
Unlike traditional chemical or biological sensors, the sensing 
platforms we described here rely on the changes of charge car-
riers that induce electric potentials along nanowires or between 
different nanowires when exposed to chemical species. Since 
our nanosensors do not hinge on equilibrium thermodynamic 
variables, [  24  ]  they have fast response time (better than 1s), rela-
tively high sensitivity, and more importantly, do not require 
external power sources. As such, the power-consumption of our 
nanosensors is no longer a major concern. Since most organic 
molecules in living systems have a tangible dipole moment, it 
is expected that the chemical sensor reported here is also appli-
cable to biological systems.  

 Experimental and Modeling 
 The vertically aligned ZnO nanowires with diameters in the range 
of 60–120 nm were grown on an a-plane sapphire substrate using a 
chemical vapor transport and condensation (CVTC) process. [  18  ]  The 
growth temperature and time are 915–930  ° C and 3–5 min, respectively. 
After growth, the ZnO nanowire forest was fi lled with poly(vinyl chlori
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 117–121
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de-co-vinyl-co-2-hydroxypropyl acrylate) (PVC), which is cured at room 
temperature for 24 hours. An oxygen plasma etching process was 
employed to preferentially etch away the PVC and expose the NW tips. 
This process was carried out on a reactive ion etching system with an 
operation power of 300 W and an oxygen fl ow rate of 90 standard cubic 
centimeters per minute (sccm). The etching time is 3–5 min. The top 
metal contact of ZnO nanosensor was deposited by e-beam evaporation, 
and the bottom contact was prepared by applying the silver paste. 

 Randomly-aligned Si nanowires were fabricated using a vapor-liquid-
solid (VLS) process. [  25  ]  The Si nanowires were grown on 2 mm  ×  4 mm 
 < 111 > Si substrate covered with 250 nm native oxide layer. [  26  ]  Gold 
nanoparticles (Ted Pella, Inc.) with an average diameter of 30 nm were 
used as the catalyst. SiH 4  (Voltaix, Inc.) was used as the precursor 
and B 2 H 6  (Voltaix, Inc.) as a dopant. The ratio of SiH 4  to B 2 H 6  was set 
to 4000:1. The nanowires were grown at 420–460 ° C for 30 min. Both 
contacts of the Si nanowire device were prepared by e-beam evaporation. 
All the electrical measurements were carried out using a Keithley 2602 
System Source Meter with a custom-built Labview controlling program. 

 To model the interactions between the ethanol and the clean ZnO 
surface, we have carried out quantum mechanical calculations within 
the framework of density functional theory in the generalized gradient 
approximation (GGA) using the Vienna ab-initio simulation package. [  27  ,  28  ]  
The atomic cores were replaced by pseudopotentials in the projector 
augmented wave formalism, and the Zn-3d electrons were treated as 
valence electrons. As the band gap of ZnO is treated poorly by the GGA, 
we also applied the GGA + U method by Dudarev et al. [  29  ]  with U-J  =  7 eV. 
The occupation numbers where determined using a Gaussian smearing 
of 0.1 eV. For the bulk this yielded the lattice parameters  a   =  3.196 Å and 
 c   =  5.132 Å, together with the internal parameter  u   =  0.381. Slab models 
were created from 16 atomic and 16 vacuum layers along the [1010] 
direction. For these systems the Brillouin zone was sampled using a 
2  ×  2  ×  1 Monkhorst-Pack [  30  ]  mesh for a cell with 2  ×  2 cross section. 
Structures were converged until the forces were below 30 meV/Å.    

 Supporting Information 
  Supporting Information is available from the Wiley Online Library or 
from the author. 
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