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Patterned Growth and Transfer of ZnO Micro and
Nanocrystals with Size and Location Control**
By Jesse J. Cole, Xinyu Wang, Robert J. Knuesel, and Heiko O. Jacobs*
ZnO micro- and nanostructures have been produced using a

large number of different synthetic routes,[1] and the applica-

tions that utilize their unique properties keep increasing. The

3.3 eV direct bandgap and 60 meV exciton binding energy is

exploited in ultraviolet optoelectronics,[2–4] room-temperature

lasing,[5–8] and solar cells applications;[9–11] extremely long

photocarrier lifetimes have been observed yielding UV

photodetectors with 108 internal gain;[12] the optical properties

in combination with n-type conduction support transparent

transistor and display applications,[13,14] while the piezoelec-

tricity is utilized in power generation[15] and force sensing

applications.[16] The integration of these device prototypes on a

wafer scale will require access to ZnO micro- and nanostruc-

tures with a variety of dimensions at known locations. A

wet-chemical approach is desirable for reasons of processing

cost when compared with gas-phase methods, and a number of

patterned and seeded growth methods have been reported.

Patterned self-assembled monolayers with hydrophobic and

hydrophilic endgroups have been used on silver[17] or silicon

substrates[18] yielding densely packed 400 nm diameter and 2mm

long ZnO nanorods in regions that were 2mm wide with empty

areas in between. Out-of-plane orientation varied but has been

improved by seeding ZnO nanocrystals through thermal

oxidation of zinc acetate.[19] Perfect vertical orientation,

however, requires substrates such as GaN, MgAl2O4,[20] or

sapphire,[21] which can be partially masked with photoresist to

achieve patterned growth. Qualitatively all of these methods

produce nanorods in the seeded or unmasked areas with limited

control over the location and density. Continued growth leads to

coalescence into a polycrystalline film as the diameter increases

with grain boundaries and defects in between. Continued

growth in combination with photoresist has also been reported

to lead to a lateral overgrowth; a previously reported concept to

produce high-quality GaN thin films.[22] For ZnO on MgAl2O4,

lateral growth over patterned photoresist improved the

dislocation density by a factor of 100 compared to the window

region containing coalesced nanorods.[20] Subsequent growth

using a second window yielded continuous ZnO thin films with

reduced dislocations.[21]
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This Communication reports on a new method that uses

oxygen plasma to surface-engineer nucleation areas to produce

vertical single-crystal ZnO nanowire rows and extended wall

structures on p-type GaN at addressable locations on a surface

with tailored >100 nm lateral dimensions and <100 nm lateral

positional accuracy. The concept uses a plasma process and

photoresist patterns to reveal nonoxidized magnesium sites

that nucleate growth. Nucleation in nonoxidized areas is

followed by epitaxial overgrowth producing patterned

areas of ZnO over 2 inch (1 inch¼ 2.54 cm) wafers. Adjusting

pH increased ZnO deposition yield and enabled formation of

high-quality ZnO crystals. Transfer printing onto a flexible

substrate is also demonstrated.

Figure 1 shows the patterned growth process. Photolitho-

graphy, oxygen plasma treatment, and solution-based growth

are the basic process steps to produce ZnO micro and

nanocrystals at exact locations on a surface. The oxygen plasma

is used to oxidize Mg dopands to inhibit nucleation and growth

in the center area while it etches the resist, leaving behind a

transitional region to nucleate ZnO growth. Subsequent lateral

epitaxial overgrowth yields ZnO structures that are larger in

diameter than the initial nucleation region. A Novolac-based

resist (Fig. 1A) is patterned onto a Mg-doped GaN surface

(Fig. 1B) by standard photolithography, as described in the

Experimental section. The patterns can directly be used for

growth leading to a polycrystalline ZnO film in the exposed

GaN areas, which shows that the basic developer containing

sodium hydroxide and exposure to photoresist do not adversely

affect ZnO nucleation on p-type GaN. However, to produce

single-crystal structures of high quality a plasma treatment is

required (Fig. 1C). The treatment yields a narrow nucleation

region in which the oxidation state transitions from fully

oxygen-passivated to partially oxidized and nonoxidized while

it removes organic residues on the GaN surface, which is

required to accomplish uniform growth over the entire

wafer.[23] We optimized this process and exposure to a

100 Watt, 100 mTorr (1 Torr¼ 1.333� 102 Pa) oxygen plasma

for 30 seconds worked best to completely prevent nucleation

on fully oxygen-passivated Mg-doped GaN. The growth of

ZnO (Fig. 1D) is carried out in a glass vial following a

previously published procedure[17] using zinc acetate and

hexamine, as described in the Experimental section. The only

parameter that was modified was the initial pH. We found that

the initial pH of the growth solution is an important additional

parameter to control. The glass vial initially contained

deionized water at pH 5.5; the slightly acidic nature is

attributed to CO2 absorption from the ambient environment.
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Figure 1. Process steps for producing ZnO crystals through nucleation at the photoresist/GaN
interface. A) A conventionally patterned Novolac-based photoresist on B) Mg-doped GaN is exposed
to C) an oxygen plasma to deactivate Mg dopands, which otherwise act as nucleation sites, as well as
to produce a transitional region that contains nonoxidized Mg to nucleate growth. D) Solution
growth at different pH values and growth times yields individual andmerged laterally overgrown ZnO
structures.
It was necessary to increase the initial pH to 7.5 by adding small

amounts of ammonium hydroxide, NH4OH, to form contin-

uous extended single crystals.

Figure 2 shows representative images of ZnO structures that

formed at the plasma-activated interface; with an increase in pH

from 5.5 to 7.5 the crystals transitioned from individual ZnO

nanorods (Fig. 2A) to single-crystal lines with a rectangular

1mm wide and 0.8mm tall cross section (Fig. 2B). Independent

of the pH, no nucleation and growth was observed on either the

photoresist or the GaN that was fully oxidized. The presence of

Mg dopant is the key to accomplish the observed localized

nucleation in some areas and passivation in others. A number of

control experiments that support this claim have been carried

out. First, we were not able to produce single crystals with high

dimensional control on undoped and n-doped (5� 1017 cm�3 Si)

GaN samples in concurrent growth experiments (90 min, 90 8C,

25 mM zinc acetate, 25 mM hexamethylenetetramine, initial pH

7.5) with p-doped (5� 1018 cm�3 Mg) GaN control substrates.

The undoped and n-type samples produced ZnO structures with

uncontrolled nucleation sites. While we did find that ZnO could

be hydrothermally grown on undoped and n-type GaN, this

ZnO deposition was minimal and potentially related to surface

contamination. Second, complete deactivation of the nucleation

sites through oxygen plasma treatment was only observed using

Mg-doped substrates. We also found that the photolithographic

process was not the primary cause of the suppressed growth in

exposed regions. As a control experiment we partially covered

the bare p-type GaN using a glass slide to produce a partially

oxidized surface using the oxygen plasma and observed that
Adv. Mater. 2008, 20, 1474–1478 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
subsequent growth revealed a 1.5mm thick

continuous polycrystalline ZnO film in the

nonoxidized areas, and no ZnO in the area

that was fully exposed to the plasma.

The observation of the increased

nucleation in the magnesium-rich areas

can be explained by looking at the

electronegativity: Magnesium is an alka-

line earth metal that exhibits greater ionic

characteristics and lower electronegativ-

ity than the group III element gallium.

Mg–O (oxygen electronegativity: 3.5) is

more energetically stable than Mg–N

(nitrogen electronegativity: 3.1). The

enhanced ionic characteristic of magne-

sium within the GaN lattice should lead to

an enhanced concentration and attach-

ment of precursor ions such as OH�,

Zn2þ, and their complexes. The affinity of

OH� and subsequent localized decom-

position of Zn(OH)2 is expected to lead to

a preferential nucleation and growth in

the Mg-rich region. Second, plasma-

oxidized Mg sites should suppress OH�

attachment and nucleation in areas

towards the center of exposed GaN. This

is consistent with the experiment and most
likely the reason of the high selectivity in the growth that we

observed. The point of zero charge for bulk MgO is widely

accepted as 12. This implies that MgO preferentially adsorbs

Hþ and suppresses OH� attachment for the experimental pH

range described here. Considering the MgO point of zero

charge, we speculate that ZnO nucleation on oxidized Mg

locations may be possible if growth pH is held above pH 12. In

summary, Mg sites are active and readily oxidized. Nonox-

idized Mg sites nucleate growth, whereas the formation of an

ionic Mg–O bond through plasma oxidation deactivates

nucleation. Once nucleation has occurred and facets are

produced the ZnO growth continues independent of the

substrate. In other words: the presence of the substrate is no

longer relevant and growth does not deviate from conventional

ZnO hydrothermal deposition. For example, HMT (hexa-

methylenetetramine) increases the aspect ratio but does not

completely stop lateral growth. With an initial pH of 7.5 and

assuming that ZnO growth occurs immediately upon immer-

sion in the growth solution, the growth rate can be estimated at

2.8 Ås�1 along the c-axis and 0.8 Ås�1 along the a- or b-axis

crystallographic direction.

Figure 3 shows a set of ZnO wall and interdigitated electrode-

type structures formed using a two step lithography–oxidation

sequence to illustrate that lithographic processing does not

adversely affect previously oxidized nucleation sites. Oxidized

areas can be formed using a sequence of sequential masking

and oxidation steps yielding more complex patterns. The first

sequence used photolithography, plasma oxidation, and

removal of resist to produce parallel lines of fully oxidized
im www.advmat.de 1475
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Figure 3. ZnO structures fabricated by multiple oxidation steps. Angle
between initially oxidized GaN strips and final ZnO nucleation strips was
varied from 908 (A,B) to approximately 18 (C), resulting in walls and
interdigitated electrode type structures, respectively. Increasing the angle
a between first (D top) and second (D middle) oxidation steps decreased
lengths of the resulting ZnO crystals (D bottom). 10mm scale bars in
(A–C). 1mm scale bars in insets.

Figure 2. Patterned integration of ZnO structures through passivation/
activation of Mg nucleation sites on GaN substrates. A) Isolated nanorods
or B) extended single crystals form at the GaN-photoresist interface when
the initial pH is 5.5 or 7.5, respectively. C) Control experiment depicting
step edge and complete suppression of growth in oxygen plasma treated
regions (light) and uniform growth in the Mg doped area (dark). 10mm
scale bars.

1476
GaN. Next we repeated the process whereby the photoresist

pattern crosses the original pattern at controlled angles; the

wall structures (Fig. 3A and B) had an angle of 908, and the

interdigitated electrode structures (Fig. 3C) had an angle of

roughly 18 between the initial oxidized GaN strips and final

photoresist trenches; the resist is not removed during the

second step to yield narrow nucleation regions and illustrated

structures.

Using the photomasks the structures can be placed with ca.

100 nm nearest-neighbor positional accuracy, calculated by
www.advmat.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2008, 20, 1474–1478
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measuring the center-to-center distance (90 nm STD, Fig. 2B;

120 nm STD, Fig. 3A) of the ZnO crystals that have been

produced. The use of higher-resolution e-beam patterns could

reduce these numbers. Lateral overgrowth leads to well-defined

crystals with a narrow size distribution. We measured a variation

of 60 nm or smaller (5% STD) considering the lateral width

perpendicular to photoresist barrier (Figs. 2B and 3A). This

confinement was not as narrow using the oxide-only-barrier;

walls limited to 5mm (Fig. 3A) in the longitudinal direction

using an oxide-only-barrier varied by 80 nm (1.4% STD).

The size and area of the attachment points to GaN can be a

fraction of the overall ZnO crystal size. The inset of Figure 3a

shows the trunk of the produced structures; approximately

50% of the footprint sits on the photoresist in this case. This

allows detachment and transfer of overgrown ZnO crystals to

flexible substrates through interfacial cleavage/delamination at

the ZnO/GaN interface. Figure 4 shows a first example

transferring a 10� 10 array of 25mm long and 2mm wide

crystals onto an epoxy thin film. We supported the ZnO

structures prior transfer by spin-coating a 10mm thin layer of

SU-8 2010 onto the structure (2500 rpm, 95 8C/120 s soft-bake,

20 s UV exposure, and 95 8C/120 s hard bake). The use of a

low-viscosity SU-8 solution helped to form a conformal initial

coating. Subsequently we applied a second 200mm thick layer

(100 rpm, 95 8C/300 s soft-bake, 120 s UV exposure, and 95 8C/
Figure 4. ZnO transfer to a flexible substrate. Fabricated ZnO prior (A)
and after transfer (B–D) onto a 200mm thick epoxy-PET flexible substrate.
Dark field (C), fluorescence (C, inset), and SEM (D) micrographs of ZnO
epoxy composite structure after transfer. 25mm scale bar in (A). 2mm scale
bar in (D inset).
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1 h hard bake) to produce a film with sufficient mechanical

strength. The entire epoxy film (Fig. 4A) including the ZnO

can be delaminated through rapid thermal-cooling-induced

stress by placing the sample on an unheated copper plate at the

end of the final hard bake cycle. The film tends to curl and was

further attached to a poly(ethylene terephthalate) (PET) film

to characterize the flexible and optically transparent ZnO and

SU-8 composite structure (Fig. 4B–D).

The reported nucleation and growth process provides a new

route towards the production of ZnO micro- and nanostruc-

tures at known locations (ca. 100 nm STD) with well-defined

dimensions (as low as 1.4% STD). The resulting structures are

attractive for a number of applications that aim at integrating

ZnO devices such as ultraviolet LEDs,[2–4] laser cavities,[24]

waveguides,[5–8] high-gain photodetectors,[12] solar cells,[9–11]

sensors, piezoelectric actuators[16] or micro-power genera-

tors[15] at exact known locations. A first step towards the

transfer of the structures onto flexible substrates has been

made. Measurements of the electrical and optical properties

are underway and will be published elsewhere.
Experimental

Photoresist Patterning: Mg-doped GaN was used as a substrate,
with doping concentration 5� 1018 cm�3 (TDI inc., Silver Spring, MD).
The substrate was photolithographically patterned conventionally.
Following a dehydration prebake at 115 8C for 60 seconds, Shipley 1805
photoresist was spun at 3000 rpm, soft-baked at 105 8C for 60 seconds,
exposed using a Karl Suss MA-6 Mask Aligner, and developed in
Microposit 351 developer for 30 seconds. Shipley 1805 is a Novolac-
based photoresist that can require descum processing after patterning.
The only descum process used here was exposure to the oxygen plasma,
which also provided a means for ZnO nucleation control.

ZnO Crystal Synthesis: The ZnO growth solution was prepared by
adding zinc acetate, Zn(CH3COO)2, and hexamethylenetetramine,
(CH2)6N4, to 70 mL of deionized water such that the solution contained
25 mM of each compound. The pH was adjusted by adding ammonium
hydroxide, NH4OH, to the initially acidic solution and checked in real
time with an electronic pH probe. The probe was removed to prevent
unwanted pH probe electrolyte solution from leaking into the growth
solution. Patterned and oxidized GaN samples were inserted into the
growth solution. To grow the ZnO crystals, the solution was heated in
an oven to 90 8C for times ranging between 10 min to 3 h. GaN samples
were held in the growth solution with glass slides, because metal clips
were corroded by the growth solution, reducing uniformity in ZnO
deposition. Following the growth, samples were removed from solution
and briefly rinsed with DI water.
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