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Despite high interest for novel device applications, alignment and electrical integration of nanowires to
lithographically defined features remains a challenge. In this work, ZnO nanowire devices were fabricated

using a novel carbonized photoresist method in which photoresist is lithographically patterned, carbon-
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ized at elevated temperature, and then used to selectively seed growth of ZnO nanobridges between
opposing carbonized photoresist electrodes. The pick and place method is avoided and selective growth
of nanobridge structures is achieved without the use of metal catalysts or inorganic seed layers. Growth

ﬁ?; ngergtsl:nology and electrical connection take place simultaneously. Electrical characterization of the electrical contact
Nanowire between the carbonized photoresist electrodes and the ZnO nanobridges is performed and operation of
Zn0 nanobridge devices as bottom gate three terminal field effect devices is demonstrated.

Integration © 2010 Elsevier Ltd. All rights reserved.

Electrical characterization

1. Introduction

Nanowire (NW) devices have shown great promise for optoelec-
tronic, sensing, and piezoelectric applications [1-5]. However,
most devices to date have been demonstrated using harvest and
disperse (pick and place) type methods in which NWs are grown
on one substrate, harvested into solution using sonication, and
then dispersed randomly onto a device substrate. Nanowire de-
vices are then typically constructed individually using e-beam
techniques. Large scale integration of NWs (alignment and contact
to lithographically defined features) remains a challenge. Although
dielectrophoresis is a promising method for aligning NWs to metal
electrodes [6-8], a conceptually simpler method is to directly
grown NWs where they will be used, for example, forming nano-
bridges between two opposing electrodes.

Nanobridge device formation is a method of directed integra-
tion in which the bottom up forces that determine NW growth
are first patterned using top down methods. So far, there have been
several reports of nanobridge devices [9-16] using either catalyst
[9,13] or inorganic seed layer mediated growth [10-12,14-16].
Although these previous efforts show promise, they also have dis-
advantages such as requiring a Au catalyst (potential for contami-
nation), or expensive substrates, such as silicon-on-insulator or
reactive ion etching, to fabricate the trench.

Recently, the use of carbonized photoresist (C-PR) was reported
as a nucleation layer for producing selective growth of high quality
ZnO nanowires from evaporated ZnO powder [17,18]. The C-PR
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was reported to have a resistivity similar to ITO [17,19], a fre-
quently used wide band gap conductor, suggesting that C-PR could
serve as a built-in electrode for contact to NW devices.

In this work, we demonstrate (1) that the C-PR method can be
used as a novel method to form ZnO nanobridge structures, (2) that
C-PR can provide Schottky like electrical contact to these nano-
bridge devices, and (3) operation of these nanobridges as three ter-
minal field effect devices with bottom gate modulation of the
conductivity of the n-type ZnO channel. The novel use of C-PR is
demonstrated to allow simultaneous growth and electrical integra-
tion of ZnO nanowires to pre-existing lithographic features with-
out the use of a metal catalyst or inorganic seed layer.

2. Experimental details

Fabrication of nanobridge devices using C-PR (schematically
illustrated in Fig. 1) was performed using four main steps, photore-
sist (PR) deposition and patterning, carbonization, Mo deposition
and patterning, and then NW growth. First, 2.5-2.7 pm of Micro-
Chem S1818 PR was coated on SiO, covered Si wafers and then pat-
terned into nanobridge nucleation/contact pads using conventional
contact lithography. The width of the opposing contact pads varied
from 25 to 100 um and the separation between them varied from 2
to 10 pm.

In the second step, the PR is carbonized. Following the work of
Park et al. [19], the PR was carbonized at 900 °C and 5 torr in a
reducing atmosphere (95% N, 5% Hs). The low pressure and reduc-
ing atmosphere are used to minimize the amount of residual oxy-
gen in the tube furnace. The furnace was heated at a ramp rate of
10 °C per minute until 300 °C is reached, where it is held for 30 min
to hard bake the PR. The furnace is then heated to 900 °C with a
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Fig. 1. Schematic of three terminal nanobridge configuration, with modeled gate
capacitance.

ramp rate of 10 °C per minute for 1 h to carbonize the photoresist,
after which it is allowed to cool to room temperature.

In the third step, a layer of molybdenum (Mo) was then depos-
ited using electron beam evaporation and patterned onto the large
pad area using a liftoff technique. Liftoff was achieved using an-
other layer of PR that was patterned and developed to provide win-
dows to the C-PR for Mo deposition. The Mo layer serves as the
contact metal pad to the C-PR and prevents nanowire nucleation.

The final step is NW growth. ZnO NWs were grown on the ex-
posed C-PR using the vapor-solid growth method. A metal catalyst
was not used. Zn vapor was supplied via carbothermal reduction of
ZnO, well described in [20]. Pure ZnO (99.99%, Sigma-Aldrich) and
carbon powders (99.9995%, Alpha Aeser) were ground together in a
1:1 ratio and inserted into a tube furnace at the high temperature
zone, ~920 °C, and allowed to grow for 60 min. A nitrogen carrier
gas at 150 sccm carries the ZnO vapor down the tube, approxi-
mately 20 cm, to the patterned C-PR samples, which are at a lower
temperature, ~770 °C. A low flow rate of oxygen, approximately
1-2 sccm, is introduced near the samples to aid growth. The pre-
cursors are not inserted into the high temperature zone until the
furnace has reached temperature to avoid any low temperature
nanowire growth.

The C-PR thickness was measured with an Alpha Step Surface
Profiler. The resistivity of the C-PR film pre and post NW growth
and with and without Mo was performed with a Jandel four point
probe. NW growth morphology and uniformity (length, diameter,
orientation, density, etc.) were characterized using an FEI dual
beam field emission scanning electron microscope (FESEM). Elec-
trical measurements of nanobridge devices were performed using
an Agilent 4155C Semiconductor Parameter Analyzer.
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3. Results and discussion
3.1. Dimensional characterization of the carbonization process

Due to the devolution of gases such as CO,, H,0, and O,, much
of the PR volume is lost as it decomposes during the carbonization
process [19,21]. This shrinkage occurs primarily normal to the sur-
face and is a function of pressure and ambient. An initial attempt at
carbonization in an N, ambient at 5 torr resulted in evaporation of
much of the PR and a loss of the PR pattern. This was likely due to
the presence of oxygen, which reacts with the carbon to form CO,.
In order to reduce residual O, in the tube furnace, subsequent car-
bonization was performed in a 5% H,/95% N, reducing environ-
ment (H, reduces residual O, by reacting with it to form H,0).
Carbonization at 5 torr in 5% H,/95% N,, was found to reduce
shrinkage to ~80% in the direction normal to the surface and
1-3% lateral to the surface. These dimensional changes are roughly
consistent with what has been reported previously [19,21]. The
small amount of lateral shrinkage relative to the vertical shrinkage
has been attributed to the formation of a SiC adhesion layer at the
C-PR/SiO, interface [21]. Despite the relatively large amount of ver-
tical shrinkage, the relatively small change in lateral dimensions
was found to be suitable for nanobridge device fabrication.

3.2. Electrical characterization of carbonized photoresist

3.2.1. Pre NW growth

The resistivity of the C-PR was found to be sensitive to the car-
bonization temperature, time, and ambient. Shown in Fig. 2 are
plots of resistivity vs. (a) temperature and (b) time for a C-PR film
on SiO,. Carbonization was performed at 5 torr in a 5% H/95% N,
ambient for (a) and at 5 torr in N, for (b). Resistivity was calculated
from four point probe measurements of sheet resistance using,
p =4.523t¥ where t is the thickness and I and V are the applied
current and measured voltage, respectively. C-PR thickness for
each data point was determined via profilometer. In all cases, the
thickness of the C-PR was measured to be between 250 and
350 nm. Resistivity is seen to decrease with temperature and time.
Increased temperature and time both lead to lower resistivity be-
cause the amount of graphitization of the C-PR increases [21].
Comparing Fig. 2a and b, it is seen that use of a 5% H,/95% N, ambi-
ent results in approximately 10x lower resistivity than for an N,
ambient. The reducing atmosphere was reported to reduce the
oxygen to carbon ratio in the C-PR, which further helps to reduce
the resistivity of the C-PR [19]. At higher temperatures and longer
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Fig. 2. C-PR pad resistivity vs. (a) carbonization temperature and (b) carbonization time. Ambient in (a) was 5% H,/95% N, ambient in (b) was pure N,.
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times, the reduction in resistivity appears to saturate. Based on
Fig. 2, the carbonization conditions chosen for NW growth and de-
vice formation were 60 min at 900 °C in a 5% H,/95% N, ambient.

3.2.2. Post NW growth

Cheng et al. [17] reported that prior to any NW growth, as-car-
bonized C-PR has a resistivity similar to ITO. The resistivity of C-PR
following the NW growth process has not been reported previ-
ously. Shown in Table 1 is a comparison of C-PR resistivity before
and after NW growth, as well as for Mo coated C-PR following
NW growth. The NW growth process was found to increase resis-
tivity by approximately an order of magnitude. This increase in
resistivity potentially limits the usefulness of the C-PR as a contact
material. Thus, to improve the sheet resistance, a capping layer of
Mo was used. Mo was chosen because it has a high melting point
(2623 °C) and it was found that it does not support growth of
ZnO NWs (see Fig. 3). As shown in Table 1, the Mo layer has a sheet
resistance three orders of magnitude lower than that of C-PR.

3.3. Nanobridge formation

In this work, C-PR is used as both the nucleation and contact
layer, conceptually simplifying the fabrication process. Shown in
Fig. 3 is an SEM image of the Mo, C-PR, and SiO, surface regions fol-
lowing NW growth. NWs grow predominantly on the C-PR areas
with no NW growth observed on the Mo and only very sparse
growth on the SiO,.

The NW growth process on C-PR is thought to be due to the
immiscibility of the two materials [22]. The ZnO molecules that
land on the C-PR do not adsorb into it, but stay on the surface
and agglomerate until larger seed crystals are formed. These then
continue to absorb more ZnO until NWs begin to form. The SiO,
has very low surface energy so the nucleation of ZnO is inhibited
[23].

Energy dispersive spectroscopy (EDS) data with corresponding
SEM image is illustrated in Fig. 4. The solid yellow line in the
SEM image indicates the EDS scan line; the dashed orange lines
demarcate different surface regions for the EDS data. The Zn and
O signals clearly match the ZnO NW growth area. No Mo was found

Table 1
Resistivity comparison for C-PR alone, with, and without Mo.

Material Resistivity (Q-cm)

C-PR 4%x10°
C-PR, post NW growth 2x1072
C-PR with Mo, post NW growth 8x10°°

Fig. 3. SEM image of the Mo, SiO,, and C-PR regions on the surface following NW
growth.
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Fig. 4. Energy dispersive spectroscopy (EDS) data with corresponding SEM image.

in ZnO NWs area (Il and IV), showing that Mo does not directly par-
ticipate in ZnO NW growth. It is worth noting that only a limited
amount of Zn appeared on the Mo (I) and SiO, (Ill), suggesting a
well defined growth of ZnO nanobridge devices between C-PR
pads.

The C-PR method was used to create ZnO nanobridge devices
between opposing C-PR pads. Shown in Fig. 5 are top down SEM
images of ZnO nanobridges grown (a) with and (b) without Mo
pads. A top down image of the complete structure with Mo coated
C-PR pads is shown in the inset. While the EDS data in Fig. 4
strongly suggests that Mo is not directly involved in the growth
process, the Mo appears to have indirectly changed the morphol-
ogy of the NWs. A comparison of the images in Fig. 5a and b reveals
that for otherwise identical growth conditions (T~ 770 °C,
0, ~ 150 sccm, N, ~ 1-2 sccm, growth time ~30 min), the use of
the Mo capping layer resulted in NWs with increased diameter
and more ribbon-like in morphology. One possible explanation
for this change in morphology is that by preventing NW growth
on areas covered by the Mo, the reduction of total surface area
available for NW growth made more precursor available for NW
growth on uncovered regions.

An angled side view SEM image, shown in Fig. 6, reveals that
NW connections between C-PR pads can be made in several ways:
(i) single NW direct connections, (ii) fusing of two NWs from two
pads, and (iii) possible connection by physical touching of two
NWs. Because of the thin layer (300 nm) of C-PR after carboniza-
tion, the majority of the NW connections are of types (ii) and (iii)
and thus form a three dimensional nanobridge network structure.
Current conduction will likely be dominated by type (ii) nano-
bridge connections.
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Fig. 5. SEM images of ZnO nanobridges formed (a) with Mo and (b) without Mo coated C-PR pads. Inset shows a top down image of the complete structure.

Fig. 6. Side SEM image of ZnO nanobridges.

A series of C-PR pads was fabricated using different pad widths
and separations between opposing pads. Tabulated in Table 2 is the
estimated average total number of nanobridges for 25, 50, and
100 pm wide pads separated by 5 pm. Tabulated in Table 3 is the
estimated average number of nanobridges for a 10 um section of
the center of 50 pm wide pads separated by 2, 3, 5, and 10 pm.
The average number of nanobridges is estimated from top down

Table 2
Estimated average number of nanobridges form for different C-PR pad widths. The C-
PR separation is 5 pm.

C-PR pad width (pm) Total nanobridges

100 1956

50 95+4

25 45+ 4
Table 3

Estimated average number of nanobridges formed for different C-PR separations. The
C-PR pad width is 50 pm.

C-PR pad separation (pum) Nanobridges per 10 um length

10 14+3
5 45+3
3 592
2 67 +4

SEM images. As expected, an increase in pad separation resulted
in a decrease in the average number of nanobridges formed. An in-
crease in C-PR pad width resulted in an increase in the total nano-
bridge formation, as well as a slight increase in the number of
bridges formed per pm. A likely explanation for the slight decrease
in the number of bridges per pm in the narrow pads is the round-
ing of the C-PR pads during the carbonization process - less bridges
form near the corners of the pads.

3.4. Electrical characterization

The primary reason for the use of Mo was to reduce the resis-
tance of the ZnO nanobridge structures. The resistance of the C-
PR/ZnO nanobridge/C-PR structure was measured to be
1.5 x 10° @ while the resistance using Mo capping (Mo/C-PR/ZnO
nanobridge/C-PR/Mo) was typically in the range of 7.3 x 10% Q.
This reduction in resistance led to an increase in the current re-
sponse of the structures. The maximum current measured when
Mo was used was ~20x larger than when Mo was not used.

Mo has good thermal stability, low thermal expansion and high
density which can protect the C-PR from oxidization during high
temperature growth processing and reduce mechanical damage
due to probe contact during electrical measurement. An added
benefit of Mo was that it is a much more robust contact layer than
C-PR and allowed for greater repeatability of measurements.
Although NWs have been used in selectively grown nanobridge
configuration previously [9-16]; this is the first time that C-PR
has been used as both the nucleation and contact layer.

The nanobridge structures can be operated as a three terminal
field effect device with source (S), drain (D), and bottom gate (G)
terminals configured as shown in Fig. 1. Shown in Fig. 7 is a plot
of Mo/C-PR/ZnO NW/C-PR/Mo pad to pad current (I;) vs. pad to
pad voltage (Vys), for positive, zero, and negative voltage applied
to the Si substrate back gate (V). As a control experiment, no cur-
rent was measured between C-PR pads without NW growth.

As seen in Fig. 1, I; can be modulated by V,. ZnO is intrinsically
an n-type semiconductor [24]. A positive gate bias leads to an accu-
mulation of carriers in the NW because the conduction band of the
n-type semiconductor is expected to be pulled towards the Fermi
level, giving an increased density of states near the Fermi level.
This accumulation of carriers enhances conductance, increasing
I;. Alternately, a negative gate bias decreases the conductance of
the nanobridge because the conduction band is raised upward
[25,26]. It can also be seen that the Vg at which the device begins
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Fig. 7. Plot of I~V at different gate voltage (V) with 25 pm C-PR pad width and
10 um pad separation.

to conduct strongly shifts negative under positive gate bias and
shifts positive for negative gate bias.

Although I4 can be modulated by Vg, the effect is not strong. For
example, the nanobridge devices could not be completely turned
off by an applied negative V,. One reason for the weak gate modu-
lation is the small effective gate capacitance of the nanobridge de-
vice structure. The gate capacitance is modeled in Fig. 1,
schematically showing a contribution from both the SiO, and the
air gap between the SiO, and the nanobridges. As concluded from
the SEM image in Fig. 6, the majority of nanobridge are of type (ii),
consisting of two fused NWs grown at an angle from the C-PR pads
and lying a range of distances from the plane of the C-PR surface.
The capacitance for these above plane nanobridges will be very
small because air has a low dielectric constant (&, ~ 1) and will
be a function of the distance the nanobridge lies from the surface.
Thus, the above plane nanobridges would not feel the effects of an
applied gate voltage as strongly as those closest to the bottom gate,
leading to reduced current modulation. Another reason that the
devices could not be completely turned off was that it was found
that physical breakdown of the bottom gate oxide layer occurs be-
fore the negative V, can be reached that would be required to com-
pletely turn-off the devices.

Shown in Fig. 8 is a plot of C-PR I vs. Vg, for Vs ranging from 0.2
to 0.8 V. The subthreshold slope (SS) of the I;-Vgs curves is quite
large, in the rage of 9-15 V/decade. As illustrated in Fig. 1 and
shown in Fig. 6, there is a wide variation in air gap between the
nanobridges and substrate. As previously mentioned, the total gate
capacitance can be modeled as a series combination of a fixed SiO,
capacitance, Cs;o2, and a variable capacitance due to the variable air
gap, C,;. Because of the variable capacitance, nanowire devices will
be turned on over a range of Vg, thus resulting in a large SS.

The turn on voltage (V,,) can be roughly estimated by extrapo-
lating the approximately linear region of the I, vs. Vg curves in the
range of 0-10V back to the x-axis. The carrier concentration, 1,
can be roughly estimated using V,, and the electron mobility, y,
can be roughly estimated using the slope of the linear portion. Fol-
lowing the method used in Goldberger et al. [27] for comparison,
the carrier concentration is roughly estimated using
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where q is the charge of the electron, r is the radius of the nano-
bridges, n is the average number of nanobridges formed between
C-PR pads, and L is the length of the nanobridge channel. Multiply-
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Fig. 8. Drain current (Iy) vs. gate voltages (V) measured at drain-source voltage
(Vgs) from 0.2 to 0.8 V. The inset plot is logarithmic scale of I,.

ing the average cross sectional area of the nanobridges by the aver-
age number of nanobridges formed approximates the total current
carrying area of the nanobridge structure. The capacitance is mod-
eled as a cylinder on a plane [27] using

2meggl
_ 2
g ln (27h> ( )

where ¢ is the effective dielectric constant of the insulator (combi-
nation of SiO, and air), h the total dielectric thickness and r is the
cumulative NW radius calculated from the estimate of the total
NW cross sectional area.The mobility can be roughly estimated by

_ &l
tu - Cngs (3)

where g, is the measured transconductance of the linear portion of
the I4-Vg, curve, g, = g’,—”;, Cg is a series combination of the capaci-
tance of the SiO, and air between the nanobridges and Si back gate,
and L is the average length of the nanobridges.

The mobility thus roughly estimated from Eq. (3) was 40 + 10

% , the carrier concentration was roughly estimated from Eq.
(1) to be 3 x10"®+6 x 10'(cm™3), and the transconductance
was 10 + 4 nS. (Note that the uncertainty in the these estimates
is large and is a direct result of the large uncertainty in estimating
the number of nanobridges, the relative number of each type of
nanobridge connection, the length of the nanobridges, and the
height of the air gap between the bottom gate dielectric and nano-
bridges.) The Ion/los ratio is roughly 103, The value of Ion/Ios is small
compared to other work, and is a result of the nanobridges being
formed at different heights above the substrate. As the gate voltage
is increased, some nanowires will conduct when others are still
turned off. These estimated values are comparable to other re-
ported nanowire transistor parameters [25,28-31], as shown in
Table 4.

Finally, as electrical characterization of the C-PR/ZnO NW sys-
tem was not performed in previous reports [17,18], it is important
to characterize the nature of the electrical contact between the C-
PR and ZnO nanobridges. From the I;-Vys curve shown in Fig. 8, the
contact appears to be Schottky type because of the small current at
low voltages and the inverse curvature of the I-V curves [32,33].
Following [33] the Mo/C-PR/ZnO nanowire/C-PR/Mo system can
be modeled as a metal/semiconductor/metal (MSM) device with
the C-PR as the metal and ZnO the semiconductor.
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Table 4
Electrical parameter comparison for different groups.
Group Mobility Transconductance Carrier Current
(%) concentration on/off
(cm3) ratio
This work 40+11 10+4nS 3x10"®+6x 107 10°
Umar [25] 3.8 4nS 6.7 x 103 10°
Liu [28] 21 16 nS 6 x 10'7 108
Suh (Single 24 70 nS 6 x 10'® 108
NW FET)
[29]
Suh (Multiple 30 3uS 9 x 10" 10%
NW FET)
[29]
Verma [30] 28 160 nS Not reported 108
Subannajui 928 3.06 uS 8 x 108 10°

[31]

The Schottky barrier height for the C-PR/nanowire interface, ¢p,
can be calculated by [34]
¢y = k—Tin AAT”

b q Icls

(4)

where k is Boltzmann'’s constant, T the temperature in Celsius, g the
charge of the electron, A the contact area, A* Richardson’s constant,
and I the saturation current. The saturation current is found by
extrapolating a semi-log plot of the I vs. Vg data from Fig. 7 to
V=0. The average calculated barrier height, ¢, was found to be
approximately 0.35 eV. The barrier height was also calculated for
samples without the Mo capping layer. The calculations showed
that the barrier without the Mo capping layer had roughly the same
value.

Although a disadvantage of Schottky contacts is a high series
resistance, which limits the total current in the nanowires at low
voltages, Zhou et al. [35] have shown that Schottky contacts can
be advantageous for sensing experiments.

4. Conclusion

A new method was presented for the directed growth and
integration of ZnO nanobridge devices using carbonized photore-
sist. The use of PR allows for simple lithographic patterning of the
force that directs NW growth and avoids both metal catalysts and
inorganic seed layers. Electrical connection to the nanowires oc-
curs simultaneously with nanowire growth. Because C-PR is used
for both nucleation and electrical contact, this method allows for
simultaneous alignment, growth, and electrical connection of
nanowires to lithographic features. Electrical characterization of
the C-PR before and after NW growth revealed an increase in
sheet resistance. A layer of Mo was incorporated to provide a
lower sheet resistance contact to the C-PR layer and to prevent
NW growth so as to provide contact pads free of NW growth.
EDS data showed that the nanowire growth was highly specific
to the C-PR. I-V measurements on the Mo/C-PR/nanobridge de-
vice structure confirmed electrical connection between C-PR pads.
Three terminal measurements demonstrated field effect modula-
tion of ZnO nanobridge conductivity using the Si substrate as a
back gate. The 3D nature of the nanobridges formed between
the C-PR terminals may be an advantage for sensing as this al-
lows for more nanobridges per surface area than planar bridges.
Overall, these results show that the novel use of C-PR to directly
align ZnO NWs to lithographically defined electrodes shows
promise for the fabrication and integration of NW transistors
and sensors [36].
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