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ABSTRACT

A novel patterning method for the selective growth of ZnO nanorods has been developed, which can avoid any etching steps and longtime
lift-off processes. In the simplified process, the deposition of a titanium buffer layer is omitted, and a 50 nm ZnO thin-film seed layer is
deposited by e-beam evaporation directly onto the silicon patterned with the photoresist. The omitted titanium buffer layer has been
observed to result in the absence of the ZnO seed layer on the photoresist. Then, the ZnO nanorods with diameters ranging from 50 to
500 nm have been found to grow hydrothermally only on the regions without the photoresist. The photoresist remains on the substrate after
the hydrothermal growth, which can protect areas from the polluted solution and unwanted nanorods. After all processes, the photoresist
can be removed easily by the solvent without any unwanted damage of nanorods. With this simplified method, ZnO nanorods can be syn-
thesized and patterned with only one step of lithography, which can be used for novel ZnO based devices.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/1.5131363

I. INTRODUCTION

Recently, zinc oxide (ZnO) nanostructures have received much
attention due to their excellent performance in solar cells,1,2 light
emitting diodes,3 photocatalysts,4,5 chemical sensors,6,7 field effect
transistors,8 and piezoelectric devices.9–12 Until now, various methods
have been developed to synthesize ZnO nanorods (NRs) such as wet
chemical methods,13,14 physical vapor deposition,15,16 metal-organic
chemical vapor deposition,17 and top-down approaches by etching.18

Among the various synthesis methods for ZnO NRs, the low-
temperature hydrothermal growth method has drawn much attention
and has been applied in low-cost nanofabrication processes.14

Generally, before the hydrothermal growth, a seed layer is required
to buffer the lattice mismatch between the ZnO NRs and substrates,
and then ZnO NRs can grow hydrothermally with different mor-
phologies on different substrates through the control of growth envi-
ronments such as pH, growth time, precursor concentration, and

temperature.19–22 Combined with lithographic technology, ZnO NRs
have been synthesized hydrothermally on various low dimensional
nanomaterials, such as graphene23,24 and MoS2,

25 and have been
developed to fabricate novel integrated microsystems with unique
properties. However, the patterning and assembling steps of the 1D
NRs to a specific region of the substrate materials are relatively com-
plicated, which may include extra etching26 or the longtime lift-off
processes of the patterned ZnO NRs.27 Currently, the most common
method to pattern ZnO NRs is the lift-off process. There are two
strategies used in lift-off patterning processes: lift-off NRs (Ref. 27)
or lift-off the seed layer.28,29 At least two steps of lithography are
required to pattern, the ZnO NR-seed layer needs to be patterned
first, and then an area of NRs growth needs to be defined by a
second lithographic step, which may increase the complexity and
cost during the fabrication process.

In our work, we introduce a new fabrication process that
allows the selective growth of ZnO NRs with only one lithography
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step, which can avoid any etching steps and lift-off processes. We
have observed that electron beam (e-beam) evaporated ZnO seed
layer stays on the patterned silicon (Si) when no titanium (Ti)
buffer layer has been deposited before the ZnO seed layer evapora-
tion. In other words, the ZnO seed layer has been observed to be
absent on photoresist (PR) but forms on Si if the Ti buffer layer is
omitted. Therefore, ZnO NRs can be synthesized selectively by the
hydrothermal method onto patterned Si. The ZnO seed layer and
NRs synthesized by this simplified method (no Ti buffer layer)
have been analyzed and compared with the ZnO seed layer and
NRs synthesized by conventional NRs lift-off methods (with the Ti
buffer layer). Elemental analysis and morphology analysis have
been performed on the seed layer and NRs to study the influence
of the Ti buffer layer on the selective growth nature of NRs.

II. EXPERIMENTAL DETAILS

A. Sample preparation and lithography

Figure 1 shows the overall schematic process flow to pattern
ZnO NRs on substrates; both current NR lift-off processes and our
simplified method have been presented. Firstly, 3-in. silicon (Si)
wafers have been chosen as the substrates [Fig. 1(a)]. Acetone,
isopropyl alcohol (IPA), and de-ionized (DI) water, and oxygen
(O2) plasma ashing have been used to clean the substrates.
Before the spin-coating of PR, substrates have been primed with
hexamethyldisilazane (HMDS) vapor for 10 min to increase the
adhesion of PR.

During the experiments, both positive resist SPR350 series
and negative resist AZ nLOF 2070 series have been used in the
lithography processes [Fig. 1(b)]. For instance, diluted (1:0.55)
AZ2070 PR has been spin-coated with 4000 rpm to form resist
films with a thickness of around 1.5 μm. After soft-baking at 100 °
C for 1.5 min, the PR has been exposed by either a mask-aligner or
a maskless direct-write machine. Different PR features have been
patterned in our experiment. Next, postexposure baking has been
performed on samples at 110 °C for 1 min and then developed in
the MF26A or AZ developer for 1.5 min. Lastly, samples have been
treated by 115 °C hard-baking to increase the stability of PR.

B. Pre-evaporation treatments: O2 plasma and Ti
buffer layer

The main difference between the current NRs lift-off processes
and our simplified patterning methods is the pre-evaporation treat-
ment [Fig. 1(c)]. Normally, before the deposition of thin-films,
3–5 min O2 plasma ashing is used to treat the sample surface and
clean the PR residues, and in some specific cases, the O2 plasma
treatment is reported to modify the wettability of the surface and
improve the bonding between the as-deposited layer and the
substrate.30–32 In addition, an intermediate Ti or chromium (Cr)
buffer layer is usually deposited to improve the adhesion of the ZnO
thin-film seed layer to the substrate.33,34 During our experiment, the
influence of O2 plasma and Ti buffer layer on the existence of the
as-deposited ZnO seed layer and NRs has been investigated by four
groups of samples: (a) treated with O2 plasma and predeposited
10 nm Ti buffer layer; (b) treated with only O2 plasma; (c) predepos-
ited 10 nm Ti buffer layer only; and (d) no treatment.

C. ZnO seed layer e-beam evaporation and NRs
hydrothermal growth

ZnO seed layer thin-films with a thickness of 50 nm have been
evaporated on all samples [Fig. 1(d)]. The ZnO target has been
used as the evaporation source, the start vacuum pressure has
been set at 2 × 10−6 torr, and the e-beam voltage has been fixed at
10 kV with ∼3% output power, which can result in ZnO thin-film
to be deposited at around 1 Å/s.

FIG. 1. Schematic of the simplified method on patterning ZnO NRs, as com-
pared with the NRs lift-off method.
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After the evaporation of ZnO seed layer thin-films, all the
samples have been put top-side down and floated in 250 ml DI
water with 40 mM 1:1 zinc nitrate hexahydrate [Zn(NO3)2 ⋅ 6H2O]
and HMTA (hexamethylenetetramine) precursors. Then, ZnO NRs
have been grown on samples at 90 °C for 18 h [Fig. 1(e)]. Once the
hydrothermal process has been completed, lift-off [Fig. 1(f1)] or
PR stripping [Fig. 1(f2)] can be performed with acetone or
NMP1165 remover after characterization.

D. Characterization

The diameter and density of NRs have been investigated by
scanning electron microscopy (SEM). Energy-dispersive x-ray spec-
troscopy (EDS) has been used to analyze the element of ZnO seed
layers and ZnO NRs on both substrate (Si) and PR. The morphol-
ogy of the ZnO seed layer has been investigated by atomic force
microscopy (AFM).

III. RESULTS AND DISCUSSION

A. Influence of treatments before seed layer
evaporation

The influence of O2 plasma and Ti buffer layer on the
existence of the as-deposited ZnO seed layer and NRs has been
investigated on four groups of samples: (a) treated with O2 plasma
and predeposited 10 nm Ti buffer layer; (b) treated with only O2

plasma; (c) predeposited 10 nm Ti buffer layer only; and (d) no
treatment. The SEM images of ZnO NRs grown on four groups of
samples have been shown in Fig. 2.

As shown in Figs. 2(b) and 2(d), no relationship between the
existence of ZnO NRs and O2 plasma has been observed since the
O2 plasma is expected only to clean PR residues. However, 10 nm
Ti buffer layer has been found to be essential to the existence of the
ZnO NRs. It has been observed that after hydrothermal growth,
ZnO NRs with a diameter ranging from 60 to 250 nm distribute
uniformly both in the region of Si and PR [Fig. 2(c)] with the ZnO
seed layer on the Ti buffer layer. In contrast, without the Ti buffer
layer, the ZnO NRs have been found to be almost absent on the
PR, which is probably due to the poor bonding between the ZnO
seed layer and PR. However, ZnO NRs have been observed to grow
on the Si part of the sample with a diameter of around 300 nm,
even without the Ti buffer layer [Fig. 2(d)].

To investigate the mechanism of the selective growth of ZnO
NRs on patterned Si further, we focus on the influence of Ti buffer
layer since O2 plasma has not found to contribute to the existence
of ZnO NRs on PR. The ZnO seed layer and NRs on the sample
with Ti [sample (c)] or without Ti buffer layer [sample (d)] have
been analyzed by EDS and AFM, which will be presented in
Secs. III B–III C.

B. Elemental analysis on ZnO seed layer and ZnO NRs

EDS has been performed on the e-beam evaporated ZnO thin-
film seed layer and ZnO NRs separately on both sample (c) with Ti
and sample (d) without the Ti buffer layer. The percentage of ele-
ments has been presented in Table I. The penetration depth of the
x ray has been fixed at around 1.5 μm by adjusting the beam
density, and the detection areas have been fixed at 10 μm2. Carbon

and Si have also been detected as the main element of samples.
However, these two elements are related to the PR contamination
and Si substrates; thus, the data for C and Si have been omitted
in Table I.

TABLE I. EDS analysis (element percentage) on a 50 nm e-beam evaporated ZnO
seed layer and ZnO NRs grown by the hydrothermal method.

Sample Region

ZnO seed layer ZnO NRs

Ti O Zn O Zn

(c) With Ti PR + Ti 0.27 8.4 0.32 39 36
Si + Ti 0.66 2.4 0.84 47 49

(d) Without Ti PR 0 5.0 0 3.9 0
Si 0 0.4 0.04 42 54

FIG. 2. SEM images of ZnO NRs grown on the samples with pre-evaporation
treatment before ZnO seed layer deposition: (a) treated with O2 plasma and pre-
deposited 10 nm Ti buffer layer; (b) treated with only O2 plasma; (c) predepos-
ited 10 nm Ti buffer layer only, and (d) no treatment.
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As can be seen in Table I, for sample (c) with the Ti buffer
layer, Zn element has been detected on the seed layer of both
PR + Ti and Si + Ti regions, and after NRs growth, Zn and O have
been observed to be the main elements on both PR + Ti and Si + Ti
regions. As for sample (d) without the Ti buffer layer, no Zn has
been detected on PR at all, neither after seed layer evaporation nor
after NRs hydrothermal growth. However, a very low amount of Zn
(0.04%) has been detected on the as-evaporated seed layer on the
Si part. Then, Zn and O have been observed to become the main
elements on the Si part after hydrothermal growth.

The results of elemental analysis in Table I indicate that the
selective growth of ZnO NRs is due to the selective existence of
ZnO seed layer on patterned Si without the Ti buffer layer. A Ti
buffer layer can contribute to the existence of ZnO seed layer both
on PR and on Si, which is probably because Ti can be oxidized nat-
urally, and it can bond easily to other materials by the O dangling
bonds.35,36 Therefore, in our cases, the different layers probably
bond in the form of Si/PR-O-Ti-O-Zn-O. However, without Ti, no
bond or only weak bond can be formed between the ZnO seed
layer and PR during the e-beam evaporation, which results in the
absence of the ZnO seed layer on PR. The frequently reported weak
adhesion of polymer and ZnO thin-films deposited by sputter-
ing20,34 might be another proof of the weak bond or even lack of
bond between ZnO and PR. As for the Si part, some other
researchers have reported that Si can naturally bond with ZnO
directly in the form of Si-O-Zn-O,37,38 which might be the reason
for the existence of ZnO on Si without Ti.

C. Morphology of patterned ZnO seed layer and
structure of as-grown NRs

AFM has been performed to study the morphology of the
ZnO seed layer by e-beam evaporation, and SEM has been used to
study the diameter and density of the as-grown ZnO NRs on the
seed layers. Figure 3 shows the images obtained by AFM and SEM,
and Table II lists the surface properties of the seed layers as well as
the diameter and density of as-grown NRs collected from AFM and
SEM images.

For the sample with the Ti buffer layer, similar grain density
and roughness of the ZnO seed layer on both PR + Ti [Fig. 3(a)]
and Si + Ti [Fig. 3(c)] can be observed. Then, the ZnO NRs grown
on both PR + Ti and Si + Ti have been found to have a similar
diameter of ∼140 nm and a similar density of ∼34 NRs/μm2 on
both Si and PR regions. This observation indicates the “buffer”
effect of the Ti layer, which results in a similar surface morphology
of the ZnO seed layer on PR and Si, and therefore similar diameter
and density of ZnO NRs.

On the other hand, for the sample without the Ti buffer layer,
a really rough surface with irregular grains has been observed
on the PR part of the sample after the seed layer evaporation
[Fig. 3(b)], which corroborates with previous EDS results [sample
(d) PR] of the absence of the ZnO seed layer on PR. Thus, only
NRs debris can be seen on the PR after NRs’ growth. However, on
the Si part of sample (d) without Ti, it can be seen in Fig. 3(d) that
the seed layer has a larger grain diameter but smaller grain density
and roughness than the Si part of the sample with Ti [Fig. 3(c)].

Then after NRs’ growth, ZnO NRs are observed to have a larger
diameter and smaller density compared to the sample with Ti.

D. Microfabrication and future applications

Figure 4 shows the example results of patterning of 1D ZnO
with the simplified method. Through our simplified method,
the placement of the ZnO NRs can be precisely controlled to the
selected area without any longtime lift-off process, and only one
lithography step is required. As can be seen in Figs. 4(a) and 4(b),

TABLE II. Surface morphology of the as-evaporated ZnO seed layer collected from
AFM images, together with the diameter and density of as-grown ZnO NRs collected
from SEM images. The density is approximate value, with around ±10% errors,
except from sample (d) PR region, the grain size is not well detected, and approxi-
mate value has been listed.

ZnO seed layer ZnO NRs

Grain
diameter
(nm)

Grain
density

(No./μm2)
Roughness

(nm)
Diameter
(nm)

Density
(No./
μm2)

PR + Ti 38 296 1.9 136 33.8
Si + Ti 32 308 2.1 144 33.5
PR 65

(approx.)
164

(approx.)
3.1 Absent Debris

Si 40 92 1.6 210 11.5

FIG. 3. AFM images on the ZnO seed layer with SEM images of as-grown ZnO
NRs (90 °C, 18 h, 40 mM precursors concentration) inserted, the sample with
the Ti buffer layer: (a) on PR and (c) on Si; the sample without Ti: (b) on PR
and (d) on Si.
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our simplified method is independent of patterned feature design,
the placement of ZnO NRs can be achieved in both the case of area
ratio PR � Si and the case of Si � PR. The reason is that the pat-
terned geometry is not related to the mechanism of the absence of
the ZnO seed layer on PR. However, the patterned geometry of PR
will influence the mass transport during hydrothermal growth and
thus affect the growth geometry of ZnO NRs,29,39 which needs to
be considered during the device design if the specific length, diam-
eter, and density of NRs are required.

Apart from the Si substrate, without the Ti buffer layer, the
selective growth of NRs has also be observed on SiO2, aluminum
(Al), silver (Ag), and even O2 plasma-treated few-layer tungsten
diselenide (WSe2). For instance, Figs. 4(c) and 4(d) show the inte-
gration of 1D ZnO NRs and 2D few-layer WSe2 by this simplified
method. WSe2 has been prepared by mechanical exfoliation and
treated with O2 plasma. Then, the simplified method has been used
to grow ZnO NRs on the specific area of 2D WSe2. As can be seen
in Fig. 4(d), well vertical-aligned and very dense ZnO NRs have
been grown on the top of WSe2. In addition, the adhesion of pat-
terned ZnO NRs to the substrate has been examined by putting
samples in the ultrasonic bath. ZnO NRs produced by our simpli-
fied method can survive for longer than 10 min, which suggests the
possibility of our simplified method to pattern ZnO NRs for piezo-
electric sensing or nanogenerating applications. Moreover, this
method opens up possibilities to integrate ZnO NRs with other low
dimensional materials, and the heterostructure may be used for
future applications in novel strain/stress sensor, biomimetic skin,
or nanorobots.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied the influence of pre-evaporation
treatments (O2 plasma and the Ti buffer layer) on the selective exis-
tence of the e-beam evaporated ZnO seed layer on patterned Si.

The hydrothermal growth of the ZnO NRs on the selectively
present ZnO seed layer has been studied. The O2 plasma has not
been found to influence the selective existence of the ZnO seed
layer, while Ti buffer has been found to play an important role in
the existence of the ZnO seed layer. With the Ti buffer layer, ZnO
seed layer stays on both Si and PR, and then ZnO NRs have been
observed to grow with a uniform density of ∼34 NRs/μm2 and
similar diameters of 140 nm on both Si and PR parts. While
without the Ti buffer layer, the ZnO seed layer has been found to
be absent on PR but stay on Si; thus, ZnO NRs have been seen to
grow on Si part only, with a less density of ∼11 NRs/μm2 and a
larger diameter of ∼210 nm than the sample with the Ti buffer
layer. Our simplified method for patterning ZnO NRs is inspired
by the selective existence of the ZnO seed layer on PR patterned Si
when the Ti buffer layer is omitted. Compared with the current NRs
patterning process (with Ti), our simplified method requires only
one lithography step to control the location of the ZnO NRs precisely
without any longtime lift-off or etching steps, which is suitable in the
fabrication of future piezoelectric sensors or nanogenerators.
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