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Directed integration of ZnO nanobridge devices on a Si substrate
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We demonstrate the directed assembly and integration of ZnO nanobridges into working devices on
silicon-on-insulator substrates. The “pick and place” method of nanowire integration is avoided and
metal catalysts are not used. ZnO nanowires �NWs� were grown selectively via a vapor-solid
method using a patterned ZnO thin-film seed layer that was deposited on Si trench sidewalls via
atomic layer deposition. ZnO NWs grew to span the trench and self-terminate on the opposing
surface, effectively forming electrically accessible horizontal ZnO nanobridge devices. Vertical
bridge devices were also constructed using undercut islands. Directly grown horizontal ZnO
nanobridge devices were operated as gas and UV sensors, demonstrating that this method represents
a significant step towards practical large-scale integration of nanodevices into Si
microelectronics. © 2005 American Institute of Physics. �DOI: 10.1063/1.2136218�
Due to its many unique properties, ZnO is an attractive
material for nanowire-based electronics, UV photonics, and
sensing applications.1–17 The sensing properties of ZnO and
other metal oxides are known to be due to charge-exchange
reactions with surface adsorbants.3 Because of their inher-
ently large surface-to-volume ratio, nanostructured metal-
oxide materials offer the promise of high sensitivity.3,18 In
order to take full advantage of nanomaterials, however inte-
gration into Si-based microelectronics devices is necessary.
Currently, the most widely used method of nanomaterial in-
tegration is the “pick and place” method, where the ZnO
nanorods are “harvested” from a growth substrate, placed
into solution, and then dispersed randomly onto the device
substrate �with various modifications such as electric field
and fluidic flow assisted alignment, etc.�. Using this method,
much excellent work has recently been performed describing
the formation and testing of individual ZnO nanowire de-
vices and their sensitivity to UV light, O2 ,H2O, ethanol, CO,
NO2,NH3, etc.4–6,10–18 Unfortunately, with drawbacks such
as random placement, contamination, and a general incom-
patibility with Si processing, the “pick and place” method is
not considered to be suitable for large-scale manufacturing.
We have therefore been exploring more practical methods of
integrating nanomaterials into Si devices. A more elegant
approach is to selectively grow nanostructures directly onto
desired areas of a substrate.19–23 An even better technique
would be to grow nanowires �NWs� from one desired loca-
tion directly to another desired location, such as between two
electrodes. The HP group was the first to use a semiconduc-
tor, successfully growing Si nanowires across a trench on a
Si substrate.24 Unfortunately the HP technique, along with
almost all of the above selective growth techniques, suffers
from a reliance on the use of metal catalysts such as Au or Ti
to initiate and define vapor-liquid-solid �VLS� �Ref. 25�
growth of nanostructures. As metal catalysts are generally
difficult to substractively pattern and can be a source of det-
rimental contamination, they are best avoided.

Recently, selective growth of ZnO nanorods on Si sub-
strates has been achieved without the use of a metal catalyst.

a�
Electronic mail: jconley@sharplabs.com

0003-6951/2005/87�22�/223114/3/$22.50 87, 22311
Downloaded 23 Nov 2005 to 216.65.151.101. Redistribution subject to
Instead, a thin-film ZnO seed layer was used to define re-
gions of selective vapor-solid �VS� growth.17,26 Using this
seed layer technique, we demonstrate a repeatable method
for directed assembly and integration of ZnO nanobridges
�NBs� into working devices on silicon-on-insulator �SOI�
substrates. Atomic layer deposition �ALD� was used to de-
posit a thin-film ZnO seed layer conformally onto the side-
walls of SOI trench structures and ceilings and floors of un-
dercut SOI island structures. High-quality ZnO nanorods
were then self-assembled on the patterned ZnO seed layer.
Wire growth was observed to span the gaps to self-terminate
on the opposing surface and effectively form vertical and
horizontal ZnO NBs. Operation of the horizontal ZnO NB
devices as gas and UV sensors was achieved, demonstrating
the potential of this method for practical large-scale integra-
tion of nanodevices into Si microelectronics.

Construction of horizontal NBs began by forming Si is-
lands on the SiO2 buried oxide �BOX� layer of an SOI sub-
strate �see Fig. 1�c��. In order to form vertical NBs, the BOX

FIG. 1. �a� Schematic sketch and �b� cross-sectional SEM of vertical ZnO
NBs spanning an undercut Si island. �c� Sketch and �d� top-view SEM of

horizontal ZnO NBs spanning a trench structure.
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layer between the Si islands was dry etched down to the Si
substrate, and then wet etched using HF to undercut the Si
islands �see Fig. 1�a��. Next, a highly conformal thin ZnO
seed layer was deposited via ALD, using alternating pulses
of diethylzinc �DEZ� precursor and H2O vapor at a substrate
temperature of approximately 170 °C �Ref. 27�. In ALD, pre-
cursors are pulsed alternately into the deposition chamber
and are separated by N2 purges. Reactions take place on the
substrate surface and are self-limiting, allowing for the ex-
cellent conformality and uniformity. As deposited ALD ZnO
films were polycrystalline hexagonal wurtzite. Elevated tem-
perature annealing increased the crystal size and the c-axis
orientation of the films. After a photolithographic step and
dry etch, ZnO was left coating only horizontal surfaces and
areas under the Si islands. ZnO nanostructure growth was
then performed in a 5-cm-diam quartz tube furnace by ex-
posing substrates to Zn vapor at 800–915 °C for approxi-
mately 30 min with a flow of 30–80 sccm Ar and a trace
amount of oxygen.17 Zn vapor is generated through carboth-
ermal reduction of ZnO powder using equal parts of ZnO
and graphite.2 SEM images were taken using a JEOL Instru-
ments 6400F.

ZnO nanostructures initiate selectively on ZnO thin-film
seed regions and grow roughly perpendicular to the
surface,17 with some rods spanning the gap to terminate on
the opposing wall of an adjacent island, forming bridges.
Shown in Fig. 1 are SEM images and cross-sectional
sketches of self-assembled vertical �a,b� and horizontal �c,d�
NB structures. For the case of the horizontal structure, ZnO
was left only on one wall so NBs terminate on Si. For the
undercut vertical structure, NBs terminate on ZnO. Although
ZnO was not patterned for the vertical structure, it could
easily have been etched to leave ZnO only in the undercut
region. By virtue of the self-assembled connection between
two terminals, NBs are automatically integrated into an elec-
trically accessible device structure. Fairly high densities of
NBs can be grown between the two terminals, allowing a
large surface area of ZnO to be exposed to an ambient and
creating the potential for high sensitivity. We have previously
reported that NWs grown using this vapor-solid technique
are of high quality with single-crystal structure, c-axis orien-
tation, high-UV photoluminescence �PL�, and undetectable
defect-related visible PL17. NBs were 10–100 nm in diameter
and spanned gaps of up to several microns.

As shown in Fig. 1�c�, the horizontal bridge structure
can be operated as a three-terminal device. Isd-Vsd measure-
ments before and after NB growth on a 0.8-�m comb struc-
ture �inset� for Vg stepped from −5 to +3 V in 2-V incre-
ments are shown in Fig. 2. Prior to NB growth, leakage
through the structure was below measurement sensitivity
�Agilent 4156C using medium integration time� indicating
that the BOX is very effective at isolating the terminals.
After NB growth, a large current can be measured between
the n+ Si islands, demonstrating that the ZnO NBs make an
electrical connection to both terminals. Vg is seen to have
some gating effect on the ZnO channel �inset� of these non-
optimized devices. The gate effect appears to be larger for
longer bridge gaps and could likely be increased through
optimization. As further evidence of conduction through the
NBs, sweeping Vsd to breakdown resulted in a two orders of
magnitude decrease in current rather than a short �not
shown�. Note that the I–V curves represent the ensemble

behavior of many wires in parallel. It is obvious that contact
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resistance, Rc, is poor. This is due primarily to the fact that
measurements were made by probing directly on the Si pads
without metallization. Metallization was not performed be-
cause of �a� the high temperatures used for NW growth,
which made pregrowth metallization impossible and �b� the
small sample size limit for NW growth in the 5-cm tube
furnace, which made postgrowth conventional lithography
impossible. To improve probe to pad Rc, we are currently
investigating a low-temperature NW growth method that will
allow full wafer processing and thus subsequent metalliza-
tion. Another source of Rc lies at the termination points of
the nanobridges. The difference in initiation on ZnO and ter-
mination on Si may also account for some of the asymmetry
in the I–V. Due to the large probe to pad Rc, these effects are
currently difficult to isolate.

ZnO is known to be sensitive to UV light, and UV illu-
mination has been used to improve recovery time in metal-
oxide sensors. Shown in Fig. 3 is a plot of Isd versus time for
a 0.8-�m gap comb structure operated in air under fluores-
cent and/or natural lighting with Vsd=10 V and Vg=0 V. At
t= �64 sec, the sample was exposed to the beam of a
375-nm UV pen light. The UV light resulted in an immediate
greater than one order of magnitude increase in current to the
mid-10−3-A range. In addition to band-to-band generation of
carriers, it is thought that the large UV response is also due
to rapid desorption of all surface species. As soon as the UV
light was removed at t=71 sec, an extended recovery period
�about 300 sec� begins in which the current slowly decreases
back to pre-exposure value. The magnitude and period of the
extended recovery was dependent on ambient and is likely

FIG. 2. Plot of Isd vs Vsd for Vg stepped from −5 to 3 V in 2-V increments
for a 0.8-�m gap comb structure �top-view schematic shown in inset� �a�
pre- and �b� post-ZnO NB growth. The inset shows plot of Isd vs Vg for
Vsd=10 V.

FIG. 3. Plot of current vs time for the 0.8-�m comb device exposed to 375

nm UV light.
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due to the slow readsorption of surface species. The UV
response under these nonideal experimental conditions is
qualitatively consistent with reports for ZnO nanowire de-
vices fabricated via the pick and place method.4,5,10,14

Shown in Fig. 4 are plots of Isd as a function of time for
a 0.6-�m comb structure operated with the microscope lamp
on, Vsd=15 V, and Vg=10 V for exposures to N2, air, and
clean dry air �CDA� at 25, 100, 150, and 200 °C. Ambient
exposures were performed using a probe station. Focusing on
the 25 °C trace, it is seen that ZnO NB devices are sensitive
to ambient, even at room temperature. The response to either
air or CDA exposure was qualitatively similar: a decrease in
current. Subsequent exposure to N2 resulted in partial to full
recovery. In both cases, the mechanism for the current de-
crease �increase� is likely oxygen adsorption �desorption� to
�from� the surface which is accompanied by a reduction �in-
crease� in electron carrier concentration.4,16,10,14 Recovery
from a CDA exposure appeared to be less rapid than recov-
ery from an air exposure. One explanation for this difference
is the moisture content in the air. Increasing the operating
temperature resulted in a large increase in conductivity with
Isd increasing almost two orders of magnitude between 25
and 200 °C. There is more than one component to this in-
crease. Although there is likely some thermal generation of
carriers, because the band gap is about 3.3 eV, this is not
dominant. The main component is desorption of surface spe-
cies such as O− which results in a large increase in conduc-
tivity by freeing up electrons to contribute to conduction.
Conductivity was observed to remain at elevated levels when
devices were cooled down in N2. Increased operation tem-
perature resulted in improved recovery times. The steepness
of the conductivity recovery slope after air or CDA exposure
increases as the temperature is increased from 25 to 200 °C.
This improvement was expected. Metal-oxide sensors are of-
ten operated at elevated temperatures due to the improved
sensitivity and recovery brought about by enhanced redox
reactions at the surface. Response times will also likely de-
pend on partial pressures and electron concentration in the
wire which can be controlled16 by the back gate. Finally,
though not shown, the NB devices also showed sensitivity to
moisture �breath� and isopropyl alcohol, manifested as a

FIG. 4. Isd vs time for a 0.6-�m comb structure operated with Vsd=15 V and
Vg=10 V for exposures to N2, air, and CDA at 25, 100, 150, and 200 °C.
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rapid increase in conductivity at room temperature and con-
sistent with previous reports.

We have achieved directed assembly and integration of
working ZnO nanobridge UV and gas sensor devices onto Si
wafers. Directed assembly refers to the use of top-down tech-
niques to pattern the forces �in this case a ZnO seed layer�
that guide bottom-up growth.7 By integration, it is meant that
in addition to selective growth of NWs in desired locations,
NWs are also electrically connected to other desired loca-
tions to form a working device. Although several recent stud-
ies have demonstrated the sensitivity of single ZnO NW de-
vices to O2, H2O, ethanol, CO, NO2, NH3, etc.,4–6,10–18

these devices were fabricated via “pick and place,” a method
not suitable for large-scale integration. The fact that our
direct-grown nanobridge structures can be operated as gas
and UV sensors demonstrates the potential of the technique
and represents a significant step towards practical large-scale
integration of high-quality nanostructures into Si comple-
mentary metal-oxide semiconductor �CMOS� compatible mi-
croelectronics process flows.
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