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1 Introduction

Nanowires (NWs) have been identified as one of the
most promising nanoscale building blocks for the next
generation of electronic and optoelectronic devices

ABSTRACT

Position controlled nanowire growth is important for nanowire-based
optoelectronic components which rely on light emission or light absorption.
For solar energy harvesting applications, dense arrays of nanowires are needed;
however, a major obstacle to obtaining dense nanowire arrays is seed particle
displacement and coalescing during the annealing stage prior to nanowire growth.
Here, we explore three different strategies to improve pattern preservation
of large-area catalyst particle arrays defined by nanoimprint lithography for
nanowire growth. First, we see that heat treating the growth substrate prior to
nanoimprint lithography improves pattern preservation. Second, we explore
the possibility of improving pattern preservation by fixing the seed particles
in place prior to annealing by modifying the growth procedure. And third, we
show that a SiN, growth mask can fully prevent seed particle displacement. We
show how these strategies allow us to greatly improve the pattern fidelity of
grown InP nanowire arrays with dimensions suitable for solar cell applications,
ultimately achieving 100% pattern preservation over the sampled area. The
generic nature of these strategies is supported through the synthesis of GaAs
and GaP nanowires.

such as transistors [1], light-emitting diodes [2], and
solar cells [3]. NW solar cell research is rapidly
evolving [4] because efficient light trapping by these
antenna-like structures has been theoretically predicted
[5] and experimentally proven [6,7]. In particular,
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theoretical modeling based on wave optics has
predicted diameter-dependent resonant light-trapping
in NW arrays [8-10], which allows bulk-like photo-
current generation in NW-based solar cells with just a
fraction of the material consumption in comparison
with thin film solar cells of the same material [3].

To achieve high-efficiency NW-based solar cells,
high quality NW growth from patterned substrates
is required [4]. Substrate patterning for NW growth
is most commonly achieved using electron beam
lithography (EBL) [11] or nanoimprint lithography
(NIL)[12]. Other techniques [13] such as nanosphere
lithography [14, 15] and laser interference lithography
[16] have been used to a lesser extent. While EBL is
incompatible with large scale industrial implementa-
tion, NIL has the potential of large-area and high-
throughput patterning. For particle-assisted growth,
the seed particle can be defined in the pattern by
self-catalysis [17], metal evaporation [18] or metal
electroplating, which allows significant material
economization [19]. Epitaxial growth sets high demands
with respect to pre-preparation of the substrate surface
before growth. It is thus important to better understand
the effect of the NIL process on the subsequent NW
growth. Furthermore, axially defined p-i-n junctions
in InP NWs with a diameter and pitch designed for
optimal absorption [6] have not yet been reported.
From a synthetic view point, the choice of pattern used
for growth will strongly affect the growth dynamics.
Hence, there is a need to optimize the nucleation
and growth of dense patterns defined by a large NIL
patterning area.

We report the metal-seed-particle-assisted synthesis
of InP NWs grown in the vapor-liquid—solid growth
mode using a low-pressure metal-organic vapor phase
epitaxy (MOVPE) system. The seed particles consisted
of gold, and were defined in a pattern using NIL,
metal evaporation, and lift-off. InP NW synthesis
from a pattern with dimensions corresponding to
maximum light absorption (hexagonal arrangement
with a diameter of 200 nm and a pitch of 500 nm)
typically resulted in seed particles moving around
the surface and coalescing under standard annealing,
nucleation, and growth conditions. Hence, the optimal
pattern for light absorption was destroyed. Furthermore,
this leads to non-uniform growth conditions, problems
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with reproducibility, and difficulties in subsequent
vertical processing of the arrays into solar cell devices.
Here we explore three strategies to prevent gold seed
particles from coalescing. First, we implement a heat
treatment step in the beginning of the NIL procedure,
second we introduce a pre-anneal nucleation step to
the growth procedure, and third we use a SiN, growth
mask between the gold particles. These strategies have
allowed us to improve the preservation of the original
NIL-pattern during NW growth, achieving 100%
fidelity in the pattern over the sampled area.

2 Experimental details

First, we will describe what constituted our standard
NIL and NW growth procedure, and then we will
introduce the three modifications to the standard
procedure investigated in this article.

2" InP:Zn (111)B wafers were imprinted by NIL
using an Intermediate Polymer Stamp in a Simultaneous
Thermal and UV-process (IPS-STU), developed by
Obducat AB [20]. Two different imprint stamps were
used to define the pattern of gold particles: one giving
a square pattern with a pitch of 400 nm and diameter
of 150 nm and one giving a hexagonal pattern with a
pitch of 500 nm and diameter of 200 nm (optimized
for light absorption). All wafers were covered with a
double-layer resist by two subsequent steps, consisting
of spin coating and curing of first LOR 0.7A and then
TU7-120. The pattern of holes was transferred from
the IPS to the TU7-120 using a 6" nanoimprinter from
Obducat AB, after which descumming with O, reactive
ion etching and undercutting with diluted Microposit
ME319 developer was carried out. Then the desired
thickness of gold was evaporated onto the surface,
followed by lift-off using Microposit Remover 1165 to
remove the double-layer resist and excess gold. After
lift-off, the samples were rinsed with DI water and
blown dry with N,.

The imprinted 2" wafers were cleaved into smaller
samples which were used for the growth experiments.
The growth experiments were carried out in two
similar low pressure (100 mbar) MOVPE reactors using
hydrogen (H,) as the carrier gas. For the annealing
temperature experiments, an Epiquip MOVPE with a
total flow of 6 L/min was used while the remaining
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experiments were carried out in an Aixtron 200/4
MOVPE with a total flow of 13 L/min. The samples
were heated to an annealing temperature of 550 °C
under a flow of phosphine (PH;, yp1,= 6.9 x 107°), and
annealed for 10 min to desorb any surface oxides.
After the annealing step, the chamber was cooled to
the growth temperature of 440 °C. Then, after a 2 min
temperature stabilization step, InP NW growth was
initiated by introducing trimethylindium (TMlIn) at
a molar faction of ynu, = 5.9 x 10™ and diethylzinc
(DEZn) as a p-type dopant precursor at a molar fraction
of ypezn = 9.2 x 107. To ensure the compatibility of this
procedure with NW growth for solar cell devices, a
p-doped NW base was used to ensure good contact
with the p-type InP substrate. After 15s, hydrogen
chloride (HCI) was introduced to the growth chamber
at a molar fraction of puc = 4.6 x 107° in order to
suppress radial growth [21]. The growth time was
24.5 min, after which the flow of TMIn and HCl was
switched off, and the chamber cooled to 300 °C under
a PH,/H, mixture.

The effect of the following three modifications to
the standard procedure on pattern preservation was
investigated.

(1) Heat treatment before imprinting: Prior to
spinning the resist, the wafers were subject to a 10 min
heat treatment on a hot plate at 200 °C.

(2) Pre-anneal nucleation: Before annealing in the
growth chamber, TMIn and DEZn at molar fractions
of yrvm=5.9 x 10° and ypez, = 9.2 x 107, were added to
the flow of ypu,= 6.9 x 107 at a specified temperature.
After 1 min, the TMIn and DEZn flow was stopped
and the temperature was increased to an annealing
temperature of 550 °C with ypp, = 3.5 x 107 to prevent
phosphorous desorption. Then the reactor was cooled
to 440 °C and the growth proceeded under the same
flow rates, gases, and parameters as described above
for the standard growth procedure. For all experiments
with pre-anneal nucleation, the heat treatment before
imprinting was used.

(3) NW growth using a SiN, growth mask: For
making the growth mask, wafers had a 65-70 nm thick
SiN, layer deposited prior to NIL by plasma enhanced
chemical vapor deposition (PECVD). Between the steps
of undercut formation and gold evaporation under
the standard imprinting procedure, holes were made
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in the mask by CHF;/CF, reactive ion etching, after
which a 10 s dip in HF:H,O 1:100 was used to remove
any residues. For growth using the SiN,-growth mask,
an annealing temperature of 625°C (10 min) was
used in the MOVPE chamber. During the first 180 s
of NW growth, the phosphine flow was lowered to
Jery= 1.5 x 107, For all experiments employing a SiN,
growth mask, the heat treatment before imprinting
was used.

Gold seed particle coalescence was evaluated from
top-view scanning electron microscope (SEM) images
of the grown NWs. The number of NWs in a certain
image was extracted using the software Image] [22]
from which the density of NWs was evaluated. Seed
particle coalescence leads to decreased NW density,
which in this work will be used as a measure of pattern
preservation. At least four different areas of each
sample were investigated, each area being 2,200 um?
and containing 10,230 wires on a perfect sample.

The optical properties of the grown NWs were
evaluated by photoluminescence (PL) at 5 K. Single
NWs were broken off of the native substrate and
transferred to a gold covered silicon substrate. They
were excited by a CW laser emitting at 532 nm. A
liquid N,-cooled CCD camera was used to record the
resulting PL signal after it had been collected through
an optical microscope and dispersed by a spectrometer.

3 Results and discussion
3.1 Heat treatment before imprinting

Figure 1 illustrates the sensitivity of the NW growth
on the preparation of the substrate surface, showing
NWs grown from NIL patterned substrates from three
different wafers imprinted by the same stamp. In
Figs. 1(a) and 1(b), growth and processing conditions
are nominally identical but result in a large difference
in pattern preservation. Both substrates were patterned
without using a heat treatment before imprinting
and NWs were grown without using a pre-anneal
nucleation step (direct heating in the growth chamber
to 550 °C for 10 min annealing, after which the sample
was cooled to 440 °C, at which point NW growth was
initiated). The pattern is destroyed at some stage of
the process before the NWs nucleated. We observe
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InP NWs grown from NIL-defined gold seed particle arrays, (a) and (b) after annealing at 550 °C for 10 min, cooling down to

and growth at 440 °C, (c) after heating the substrate for 10 min at 200 “C before imprinting, annealing at 550 °C for 10 min, cooling

down to and growth at 440 °C. Note that (a) and (b) were processed with nominally identical parameters, yet exhibit very different degrees

of pattern preservation.

gold particle diameters after growth corresponding
to integer multiples of the initial gold particle volume.
We conclude that particle movement and coalescing
is the dominant mechanism of pattern disintegration.
The large difference between the two samples produced
in nominally the same way (Figs. 1(a) and 1(b)) indicates
that particle coalescence is very sensitive to the surface
conditions, which are influenced by the process steps
during the NIL pattern formation. In Fig. 1(c) a heat
treatment before imprinting on a hotplate at 200 °C
for 10 min has been used and this reduces the number
of coalesced particles, resulting in improved pattern
preservation. This step was initially used to remove
water from the substrate surface, but we attribute its
effect on pattern preservation to a thickened oxide on
the InP surface during heat treatment, as indicated by
X-ray photoelectron spectroscopy (XPS)-measurements
(not shown here). We speculate that the thicker oxide,
due to incomplete desorption during heating to
annealing temperatures, can prevent lateral movement
of the Au alloy particles. The surface oxide has been
observed to desorb more easily in the vicinity of gold
particles [23, 24], which is the most likely reason that
the oxide is preserved between the particles but not
underneath.

Even though heat treatment before imprinting
reduces particle coalescence, the degree of pattern
preservation is not satisfactory when using a high

density pattern of gold particles needed for the
synthesis of NW arrays in the geometry for optimal
light absorption [25]. Especially we see that the
pattern preservation worsens when evaporating the
thicker gold films necessary to achieve the desired
NW diameter (see the Electronic Supplementary
Material (ESM)).

3.2 The influence of annealing temperature on
gold particle movement

To reduce gold particle movement, it is useful to better
understand the possible underlying mechanisms. We
argue that two factors are important in governing
particle movement which subsequently leads to particle
coalescence. First, the particle needs to be in a liquid
state, and second, it needs to be in contact with the
substrate surface such that it can freely move. Let us
first discuss how the particle can reach a liquid state.
The Au-In binary system has a eutectic point at an
In composition of 35%—40% and a temperature of
about 450 °C [26]. For the gold particle to reach a
composition at which it can melt at the annealing
temperatures studied here, it needs to approach the
eutectic composition by going through solid state
phase transformations, studied by several authors
[27-30]. Fatemi and Weizer [29] showed how the first
step of this process is the dissociative diffusion of
In into gold, until the solubility limit is reached. They
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showed that this process is governed by the self-
diffusion (vacancy diffusion) of gold, a process for
which they measured an activation energy in the
vicinity of 1eV, while others have reported an
activation energy of 1.8 eV [31]. When the solid state
solubility is reached, the AuzIn-phase may form. This
would be governed by the release of In from InP
at the InP-Au interface, with an activation energy
reported to be in the vicinity of 2.5 eV [29, 30].

We performed experiments where NWs were grown
using various annealing temperatures, from 500 to
650 °C. The pattern preservation was analyzed by
studying the NW density. The results are summarized
in the Arrhenius plot in Fig. 2. Our data indicate that
particle movement is a thermally activated process
with an activation energy of 1.9 eV. It is not possible
from our data to determine which of the previously
mentioned solid state reactions are dominant, but we
note that the value we find is in good agreement with
the activation energies reported for the dissolution
of In into gold to reach the eutectic composition. As
soon as the particle is in a molten state, we expect the
InP dissolution reactions to be enhanced due to rapid
diffusion into the liquid Au-In alloy particle and more
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Figure 2 Arrhenius plot of NW density when annealing at
different temperatures. An Arrhenius fit (red line) yields an
activation energy of 1.9 eV for the process. In this experiment,
annealing at the three lowest temperatures (below 575 °C) gave
close to perfect pattern preservation, and did not show any
Arrhenius behavior.
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effective desorption of In and P. Establishing the driving
force for the lateral movement of the Au-In liquid
particle on the substrate surface is beyond the scope of
this paper, but we note that liquid Ga particles have
been shown to move on a GaP (111)B surface driven
by the affinity of the liquid particles to cover steps and
surface roughness [24], which might partly explain
Au movement in this current research.

3.3 Pre-anneal nucleation

To improve pattern preservation for the highest density
pattern used, we implemented an additional pre-
anneal nucleation step in the growth scheme. We
tried to grow a short InP NW stub before annealing
to fix the gold particle in place. We investigated the
effect of the pre-anneal nucleation temperature, which
was varied from 280 to 420 °C (pre-anneal nucleation
lasted for 1 min, with yp, = 5.9 x 107, yppzn =9.2 x 107,
and ypy,= 6.9 x 107%). Pre-anneal nucleation has a strong
influence on pattern preservation. NWs grown with
three different pre-anneal nucleation temperatures are
shown in the top-view SEM images of Figs. 3(a)-3(c).
At 320 °C (Fig. 3(a)), no missing NWs are observed
in the pattern. The evaluation of missing NW
density as a function of different pre-anneal nucleation
temperatures, ranging from 280-420 °C, is shown in
Fig. 3(d). The missing NW density decreases from 1.1
to 0.0 um™ (1.4 um= without the use of pre-anneal
nucleation) as the pre-anneal nucleation temperature
decreases from 420 °C. The preservation is excellent
for the pre-anneal nucleation temperatures equal to
and below 320 °C. Slight shifts of the exact NW position
compared to the imprinted pattern can still be
observed at the lowest temperatures. However, for
these samples where low-temperature pre-anneal
nucleation was used, a very low density of thick NWs
resulting from coalesced seed particles was observed
in the investigated areas.

In order to better understand the temperature
dependence of the pre-anneal nucleation step with
respect to the improved quality of the NW pattern, we
carried out experiments where growth was interrupted
immediately after the pre-anneal nucleation step
and after the annealing step, for selected pre-anneal
nucleation temperatures. Here, we find it instructive to
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Figure 3 Top-view SEM image of NWs grown after pre-anneal nucleation (1 min, with ymm = 5.9 % 107, yppza = 9.2 x 1077, and
I, = 6.9 % 107%) at (a) 320 °C, (b) 360 °C, and (c) 420 °C. (d) The density of missing NWs after growth is a function of different
pre-anneal nucleation temperatures. “None” indicates that no pre-anneal nucleation step was included in the growth procedure.

present the two extremes, pre-anneal nucleation at 280
and 420 °C, with SEM images shown in Fig. 4. Results
of pre-anneal nucleation at 420 °C followed by cooling,
Fig. 4(a), show that growth has taken place from the
characteristic hemispherical molten gold particle. It is
interesting to note that little or no particle merging
has occurred, which indicates that the movement and
coalescence of particles shown in Fig. 3 occurs after
the pre-anneal nucleation step. In the corresponding
experiment where growth was interrupted after pre-
anneal nucleation and high temperature annealing
(Fig. 4(b)), the NW stub is no longer visible and
particle displacement is observed. This indicates that
the ~100 nm long stem grown after the pre-anneal
nucleation (Fig.4(a)) is decomposed during the
annealing phase before re-initiating NW growth. We
speculate that the liquid particle can move on the
substrate surface after the stub is consumed. It should
be noted here that fixing the particle in place by
growing a stub before annealing might still be a viable
approach, if the stub is sufficiently long. However,
the material quality of such a stub, grown while
oxides are likely still present on the substrate surface,
is questionable which is why we did not pursue this
approach further.

Figure 4 Cross-sectional SEM images of the sample after
(a) pre-anneal nucleation at 420 °C, (b) pre-anneal nucleation at
420 °C and annealing at 550 °C, (c) pre-anneal nucleation at

280 °C, (d) pre-anneal nucleation at 280 °C and annealing at
550 °C, (e) NIL and lift-off, and (f) after annealing at 550 °C only.
Pre-anneal nucleation lasted for 1 min, with v, = 5.9 x 10_5,
oEze = 9.2 x 1077, and Jouy= 6.9 % 107, Annealing lasted for
10 min at 550 °C, with ypy, = 3.5 x 1072,
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After pre-anneal nucleation at 280 °C (Fig. 4(c)),
the shape of the particle closely resembles that of
the gold particle directly after imprinting (Fig. 4(e)),
indicating that the particle is still solid, likely in the
a-phase [26]. If any stem is grown, it is too small to
be observed by SEM imaging and most probably
grown in the vapor—solid—solid growth mode. On the
other hand, after annealing, we see that the particle
lies in a depression on the substrate surface (Fig. 4(d)).
The particle is trapped, unable to easily slide on the
surface, by the indentation made upon dissolving the
InP surface underneath the gold. Interestingly, a very
similar situation is found when inspecting samples
that are annealed with no pre-anneal nucleation step
(Fig. 4(f)). In contrast to this apparent similarity, the
improvement we see in pattern preservation when
introducing the pre-anneal nucleation step at low
temperatures is obvious (Fig. 3). By assuming that In
dissolution from the substrate is the rate limiting step,
we speculate that by introducing TMIn to the growth
chamber at temperatures around 300 °C, the excess In
concentration in the gold particles, in combination
with the relatively slow dissolution of the InP from
the substrate, allows the alloyed gold particles to
reproducibly reach the composition required to melt
at a relatively low temperature, allowing a depression
to form underneath the particle. Supporting this
hypothesis, we see that pattern preservation worsens
upon increasing the PH; molar fraction during
annealing (see the ESM). These results indicate the
strong sensitivity of NW pattern preservation on the
pre-anneal nucleation conditions. Therefore, the pre-
anneal nucleation must be optimized for different
materials, taking into account both the substrate
chemistry and the NW melting and consumption pro-
cesses. In parallel with the work on InP, we performed
a similar study on GaAs NWs which showed a positive
effect from the pre-anneal nucleation approach using
somewhat different parameters (see the ESM).

Although we see great improvement in the yield
and reproducibility of pattern preservation when
implementing the pre-anneal nucleation step in our
growth procedure, some imperfections are still
present. Most wafers show a missing NW density
of <0.01 um=, but we see that approximately 1 in
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5 wafers still have a somewhat poorer pattern pre-
servation, in the range of 0.05-0.2 um™. We attribute
the observed variability to small unintended deviations
in the NIL procedure.

3.4 NW Growth with a SiN, growth mask

As an alternative approach to obtain a high degree of
pattern preservation, we also explored the possibility
of adding a growth mask to the substrate surface. A
growth mask of either SiN, or SiO, is commonly used
in catalyst-free selective area NW growth [32, 33],
and in self-catalyzed NW growth [34, 35]. A growth
mask has been successfully used for metal-catalyzed
Si microwires [36, 37] and III-V NW growth [38—40].
We used a SiN, growth mask, and achieved 100%
preservation of the pattern for grown NWs over all
sampled areas (see the ESM). We attribute the effect
on pattern preservation to the gold particle being
locked in place by the growth mask. The use of such a
growth mask has the additional benefits of preventing
parasitic substrate growth, as well as facilitating
use of electrodeposition of gold to reduce material
consumption and make reuse of the growth substrate
possible [19]. We note that using a growth mask
introduces additional processing requirements, and
possibly alters the growth conditions due to the strong
substrate surface effects on adatom migration lengths
and heterogeneous pyrolysis [41]. For many purposes,
the pre-anneal nucleation procedure might therefore
prove sufficient. In parallel with this work, the GaP
and GaAs material systems have been studied for light
emitting applications using a different imprinting
stamp, where similar pattern fidelity has been achieved
using a SiN, growth mask (see the ESM).

3.5 Photoluminescence

In order to investigate the quality of the resulting
NW materials as a function of pre-anneal nucleation
temperature, PL characterization was performed on
single InP NWs taken from samples grown after
pre-anneal nucleation at 280, 320, 380, and 420 °C, as
well as from the reference sample grown without
any pre-anneal nucleation. Four to five single NWs
were measured from each sample. All of the NWs
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from all of the samples show multiple sharp peaks
corresponding to optical transitions at energies lying
between the band gap of zinc blend (ZB) (1.42 eV) and
wurtzite (WZ) (1.49 eV) InP. Such optical transitions
are commonly seen in InP NWs with mixed crystal
structure and twin planes distributed along the
length of the wire [42—45]. A mixed crystal structure
was confirmed by transmission electron microscope
(TEM) observation (see the ESM). Both NWs grown
with a pre-anneal nucleation at 280 °C and without
pre-anneal nucleation had similar crystal structure;
a ZB crystal structure with twin planes at the base,
which transitioned into a WZ crystal structure with
stacking faults towards the top of the nanowire. A
sum of all single NW spectra taken from each sample is
shown in Fig. 5. All samples show similar luminescence
behavior. A small exception is the sample where pre-
anneal nucleation was performed at 320 °C, where the
luminescence spectrum is smoother and less evenly
distributed between the band gaps of the two crystal
phases. Overall, however, there is no clear change in
the optical properties as a function of the pre-anneal
nucleation conditions. Although not part of the current
investigation, we note that the use of a SiN,-growth
mask may possibly change the optical properties since
material diffusion on the substrate will be affected. This
can lead to shifts in the crystal structure, as previously
observed [19].

4_/\/\ None
4t

ol _ \ 380 °C
_,_/& 320 °C
Ot— . . —280°C

.1 .40. I1 .45. l1 .50. 1.55
Energy (eV)

Normalized intensity (a.u.)

Figure 5 PL spectra of samples grown with different pre-anneal
nucleation conditions. Each of the spectra shown is the sum of the
spectra from 4-5 single NWs. NWs were measured at 5 K, with
an excitation wavelength of 532 nm (2.33 eV).
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4 Conclusions

In summary, we have presented strategies to improve
pattern preservation from NIL-defined seed particle
arrays to grown NWs. This is especially important for
high density patterns required for energy harvesting
applications. The implementation of a heat treatment
step before imprinting was observed to reduce the
number of coalesced particles. In order to gain better
control over synthesis, the possibility to deny the
particle access to move freely on the substrate surface
by introducing a pre-anneal nucleation step in the
growth procedure was explored. By alloying the gold
particle with In at low temperatures, pattern retention
was significantly improved throughout the NW growth
process. We argue that loading the gold particles with
In decreases the effective melting temperature of the
catalytic Au alloy particle, allowing the formation of
depressions in the substrate surface. These depressions
prevent the thermally activated movement of the Au
alloy particle. We conclude that a careful balance
between the processes leading to alloy particle melting
and substrate dissolution is necessary for good pattern
preservation. Implementing a heat treatment before
imprint and pre-anneal nucleation into our imprint
and growth procedures, respectively, allowed us to
greatly improve the pattern preservation in our NW
arrays grown from dense patterns of gold particles
defined by NIL, both in terms of absolute yield
and reproducibility between wafers. However, some
imperfections and variability were still present. As an
alternative approach to fully preserve the quality of the
original pattern, a SiN,-growth mask was added to the
substrate surface to keep the particles stationary. This
has allowed us to achieve 100% pattern preservation
of InP NWs in high density arrays over all sampled
areas. No effect on the optical properties in the NWs
was observed with respect to the different pre-anneal
nucleation conditions.

We believe that these approaches, with proper
adjustments to the specific material system, are
generally applicable to improve the pattern preservation
of imprinted seed particles to grown NW arrays,
supported by the results from GaAs and GaP nanowire
synthesis.
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