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FUNCTIONAL

Photolithographic Route to the Fabrication of Micro/Nanowires

of III-V Semiconductors**

By Yugang Sun, Dahl-Young Khang, Feng Hua, Keith Hurley, Ralph G. Nuzzo, and John A. Rogers*

Nano/microwires of semiconducting materials (e.g., GaAs and InP) with triangular cross-sections can be fabricated by “top-
down” approaches that combine lithography of high-quality bulk wafers (using either traditional photolithography or phase-
shift optical lithography) with anisotropic chemical etching. This method gives good control over the lateral dimensions,
lengths, and morphologies of free-standing wires. The behaviors of many different resist layers and etching chemistries are pre-
sented. It is shown how wire arrays with highly ordered alignments can be transfer printed onto plastic substrates. This “top—
down” approach provides a simple, effective, and versatile way of generating high-quality single-crystalline wires of various
compound semiconductors. The resultant wires and wire arrays have potential applications in electronics, optics, optoelectron-

ics, and sensing.

1. Introduction

One-dimensional (1D) structures (such as wires, rods, rib-
bons, and tubes) of inorganic semiconducting materials on the
nanometer and micrometer scale have intrigued more and
more scientists and engineers in the last several decades due to
their novel properties and interesting potential applications
when compared with their bulk counterparts.’?! For instance,
semiconductor nanowires/nanorods with diameters less than
15 nm exhibit strong quantum-confinement effects and possess
bandgaps in the spectral range of solar emission.’) These
unique optical properties make them good candidates to serve
as inorganic dopants for polymer-based solar cells with high
power-conversion efficiency.*! With regard to electronic appli-
cations, the ribbons and wires of single-crystalline inorganic
semiconductors can be assembled on any insulating substrate,
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including low-cost plastics and even paper, to generate a thin
film of active components for building devices with perfor-
mance higher than devices made of organic semiconducting
materials.!

Compound III-V semiconductors are of particular impor-
tance for modern electronics and optics (e.g., high-speed digital
circuits and high-performance optoelectronic devices), because
of their high electron mobility, high saturated drift velocity,
wide direct bandgap, and wide range of working tempera-
tures.*”l A large number of approaches have been developed
to synthesize nanowires or microfibers of these materials (e.g.,
GaAs and InP) in both gaseous and liquid media. For the
vapor-based methods, the vapor-liquid-solid (VLS) process
originally developed by Wagner and Ellis seems to be the most
successful for generating single-crystalline 1D structures.®l A
typical VLS process starts with the dissolution of vapors of tar-
get materials, which are generated by laser ablation’! and/or
thermal decomposition of corresponding compounds,[m] into
nanosized liquid droplets of a metal catalyst (e.g., Au, Ag, or
Cu), followed by nucleation and growth of single-crystalline
rods and then wires. The liquid droplets are generated from the
corresponding metal nanoparticles at high temperatures, and
their size determines the diameter of wires. The vapor deter-
mines the composition of the wires, but the doping uniformity
and dopant concentration are difficult to control. An analog of
the VLS process performed in the liquid phase, the so-called
solution-liquid-solid (SLS) process, has been pioneered by
Buhro and co-workers to synthesize nanowires using nanopar-
ticles made of metals (e.g., In and Ga) with low melting points
as catalysts.'!! Nanowires of GaAs and InP with small diame-
ters (e.g., 3-17 nm) and narrow-diameter distributions were
synthesized by refluxing 1,3-diisopropylbenzene solutions of
the corresponding precursors (i.e., (¢-Bu);Ga and As(SiMe3)s
for GaAs, and [Me,InP(SiMe;),], for InP) in the presence of
In nanoparticles. By employing a liquid with a high boiling
temperature, such as supercritical hexane, metal nanoparticles
(i.e., Au) with high melting points could catalyze the growth of
nanowires of GaAs."l The as-synthesized wires always have
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broad distributions in wire diameter and length, and their
lengths rarely exceed 100 um. Although the wires are single
crystalline and doped in most cases, their surface crystallinity,
compositional purity, doping uniformity, and dopant concentra-
tion remain unclear compared with bulk single-crystal wafers
used in the semiconductor industry.

Developing “top—down” methods (i.e., strategies for prepar-
ing small objects on the nanometer or micrometer scale by car-
ving, slicing, or etching the materials on the macroscale) for
generating free-standing nano- and microwires of semiconduc-
tors from bulk high-quality wafers can produce high-quality
wires with well-controlled doping levels, dimensions, and crys-
tallinities, which fit the requirements of modern industry and
research. To date, nanowires of Si and GaN have been fabri-
cated from multi-layered wafers (i.e., silicon-on-insulator
(SOT) wafers for Si, and 6H-SiC wafers covered with an epitax-
ial GaN film for GaN) by near-field optical lithography and
diffraction-mask projection laser ablation, respectively.[13] The
use of wafers with epitaxial layers for generating wires in-
creases the cost of fabrication because of the high price asso-
ciated with these kinds of wafers.

We report, in this article, a versatile “top—down” approach to
the fabrication of nano- and microwires of GaAs and InP with
well-controlled morphologies that combines various optical-
lithographic techniques (e.g., conventional photolithography
and phase-shift optical lithography using the soft-phase masks
of polydimethylsiloxane) and anisotropic chemical etching with
high-quality bulk single-crystal wafers of GaAs or InP. Interest-
ingly, wire arrays with degrees of order similar to that of the
mask patterns can be generated by surrounding the patterned
mask stripes with unpatterned bulk mask film, which can then
be dry-transfer printed onto plastic substrates with good reten-
tion of order and crystallographic orientation. This “top—
down” fabrication process associated with the dry-transfer
printing process might be important for future large-area, high-
performance “macroelectronic” systems and other devices that
require integration of vastly different material types.

2. Results and Discussion

2.1. Fabrication of GaAs Wires and Etching Chemistry

The fabrication process of GaAs wires includes two major
steps: defining photoresist (PR) patterns on a (100) GaAs wa-
fer using photolithography, and chemically etching the GaAs
wafer through the PR-patterned mask. Figure 1A depicts the
detailed procedure for generating GaAs micro/nanowires from
a high-quality bulk GaAs wafer. Spin-casting the PR on the
GaAs wafer forms a uniform thin film. Parallel PR lines are de-
fined by standard photolithographic methods: aligning the pat-
terned lines of the photomask along the (011) crystalline direc-
tion of the GaAs wafer; contacting the photomask with the PR
film; exposing the PR film through the photomask; and devel-
oping the exposed regions of the PR (step i). The patterned
PR lines can directly serve as an etching mask in the anisotrop-
ic chemical-etching step when the etchant is acidic.'*! The
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Figure 1. A) Schematic illustration of the process for generating GaAs
wires from a high-quality bulk single-crystal GaAs wafer. The major steps
include: i) defining of patterned PR stripes on a GaAs wafer; ii) anisotro-
pic chemical etching of GaAs wafer using PR stripes as an etch mask;
i) continuous etching of GaAs wafer, with the formation of released GaAs
wires; iv) removing PR using acetone and/or O, plasma; and v) transfer-
ring GaAs-wire arrays from the mother substrate to other desired sub-
strates. B-E) Scanning electron microscopy (SEM) images of the samples
formed at different stages of the fabrication process: B) PR stripes on
GaAs wafer before etching; C) cross-section of a reverse-mesa capped
with a PR stripe; D) cross-section of a released GaAs wire resting on the
mother substrate against the bottom edge of the GaAs wire and one edge
of the PR stripe; and E) a random assembly of the GaAs wires after re-
moval of PR stripes. The inset in (E) is an SEM image taken from the same
sample as (E), clearly showing the triangular cross-section. The scale bars
in (B-D) and in the inset of (E) represent 1 um, and the scale bar in (E)
represents 50 um. The etchant consisted of 4 mL of H3PO, (85 wt.-%),
52 mL of H,0, (30 wt.-%), and 48 mL of H,0, and was cooled in an ice-
water bath during the etching process.

etchants for GaAs are generally prepared by mixing acids
(e.g., H3;PO,4, H,SO,, HCI, or HF) and oxidants (e.g., H,O,)
in water. Specifically, we chose the aqueous solution of
H;PO, and H,0, in a ratio of H3PO, (85 wt.-%)/H,0,
(30 wt.-%)/H,0O =1:13:12 by volume, which was cooled in an
ice-water bath and used to etch the GaAs wafer by the reac-
tion

GaAs + H3PO4 + 4H202 d GaPO4 + H3ASO4 + 4H20 (1)

This etching process includes the oxidation of GaAs with
H,O, and subsequent dissolution of the oxidized products by
H5PO,. In this fashion, the chemical etching generates GaAs
structures with high anisotropy, i.e., sharply defined reverse-
mesa-shaped profiles under the PR-mask stripes (step ii). For
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sufficient etching times, the two side walls of each reverse-mesa
intersect, resulting in the release of a wire with triangular
cross-section from the mother wafer (step iii). The maximum
width of released wires, Wy, max, is determined by the width of
the PR-mask stripes, W, the angle of each side wall relative to
the top surface, a, and the ratio between the etching rates par-
allel and perpendicular to the wafer surface, (a/t) (d/t), where a
and d represent the undercutting distance and the depth of the
reverse-mesa, respectively, and ¢ denotes the etching time.
According to the geometry, the value of Wy ma.x can be calcu-
lated from

Wemax = Wm/{l + Z—?lt X tan(a)} = Wm/[l +f_i X tan(a)} 2

Rinsing the wires with acetone and/or exposing them to O,
plasma completely removes the PR, leaving clean GaAs wires
(step iv). The ends of each GaAs wire remain connected to the
mother wafer when the patterned PR lines are surrounded by a
bulk PR film. This connection confines the wires and preserves
the spatial orientation and layout defined by the pattern of the
PR. The wire array can be transferred to any desired substrate
(e.g., plastics, paper) through a dry-transfer technique de-
scribed in Section 2.5 (step V).

Figures 1B-E show scanning electron microscopy (SEM) im-
ages of samples obtained at different stages of the fabrication
process illustrated in Figure 1A. Figure 1B presents an SEM
image of a section of a 2 um wide PR line on a GaAs substrate,
indicating its straightness and uniform width along its longitu-
dinal axis. (Unless specified otherwise, Shipley 1805 was used
as the PR material in our reported results.) The SEM image
shown in Figure 1C displays the mushroom-like morphology of
the cross-section of a reverse-mesa capped with the PR stripe,
indicating the occurrence of lateral undercutting along with the
vertical etching. Under this specific etching condition, the val-
ues of a/d and o are around 0.68 and 60.7°, respectively. Note
that this undercutting allows us to prepare GaAs wires with
widths on the nanometer scale by prolonged etching, even
when the PR-mask stripes have micrometer-scale widths.!
Etching for sufficient time releases the GaAs wires, each of
which sits on the substrate against its bottom edge and one
edge of the PR stripe (a typical SEM image of such a wire is
shown in Fig. 1D). PR stripes can be removed by rinsing with
acetone. Figure 1E shows an SEM image of such GaAs wires
randomly assembled on a GaAs substrate. The wires exhibit
uniformity and straightness along their longitudinal axis, while
the formation of curved structures indicates that the wires are
flexible. The inset is a higher magnification SEM image re-
corded from the same sample, clearly showing the triangular
cross-section of each wire, the roughness of the side walls, and
the flatness of the top surface protected with the PR. These
wires have an average width of 840 nm.

The anisotropy of etching originates from the difference of
etching rates along the different crystallographic axes. The
crystal planes with the lowest energy and highest chemical
resistance have the slowest etching rate. Since GaAs is crystal-
lized in the form of a zinc-blende face-centered cubic (fcc) lat-
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tice, the {111} planes are the most stable.'®! The Ga-rich {111}
surface, also called {111}A, is deficient in electron density com-
pared with the As-rich {111} surface (the {111}B surface). This
difference makes the {111}A surface resistant to chemical oxi-
dation and generally difficult to etch. According to the crystal-
lographic geometry of the GaAs wires, the side walls of each
wire are indexed to the (I111)A and (111)A planes. The left
rendering in Figure 2A illustrates the three-dimensional ar-
rangement of Ga and As in an GaAs wire with a triangular
cross-section. Both the side walls and the top surface are en-
closed by Ga-rich planes. The angle of the side wall relative to

Figure 2. A) lllustration of the three-dimensional arrangement of Ga and
As in the reverse-mesa (left) and normal-mesa (right) geometries. B) SEM
image of the cross-section of mesas formed by etching the GaAs wafer
masked with patterned PR stripes along the (0171) direction. Etching condi-
tions were similar to that of Figure 1.

the top surface is 54.74°, which is very close to the angle ob-
served from the resultant GaAs wires shown in Figure 1
(60.7°). In principle, the anisotropic chemical etching is highly
dependent on the crystallographic orientation of mask lines.
Etching of GaAs crystals with the PR stripes oriented in the
(011) plane results in a mesa-shaped profile with side walls
bounded by (111)A and (111)A planes (Fig. 2A, right). Fig-
ure 2B shows an SEM image taken from the cross-section of a
sample produced by etching with the PR-mask lines oriented
in the (011) direction, confirming the formation of mesa-like
profiles. The angle of the side wall relative to the top surface is
126.7°, which is similar to the theoretical angle of 125.26°. The
agreement between the observed etch profiles and the crystal-
lographic models implies that the Shipley 1805 PR can effec-
tively protect the top surface of GaAs during the etching
process.

2.2. Variation in the Dimensions of GaAs Wires
The values of a and a/d are independent of the width of the
mask lines for a given combination of mask material and etch-

ant composition. In this case, the maximum lateral dimension
of the GaAs wires (W, max) can be easily changed by control-
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ling the width of the PR-mask stripes because of their propor-
tional relationship. Figures 3A,B show SEM images of the
GaAs wires prepared using the PR-mask lines (defined by con-
ventional contact photolithography) with widths of ~10 um
and ~3 um. Both samples exhibit triangular cross-sections, and
their corresponding average widths are 3.84 um and 1.19 um,
respectively. Because contact photolithography can only define
PR lines with widths larger than 1 um, we employed phase-

V
—5 um|
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Wow, max (pm) :U
[X] Fry .

e

0 2 4 B 8 10
Wm {um)

Figure 3. A-C) SEM images of GaAs wires with different widths:
A) 3.84 um, B) 1.19 um, and C) 65 nm. These wires were fabricated from
GaAs wafers using PR-mask stripes with widths of 10 um, 3 um, and
200 nm, respectively. The wires shown in (A,B) were transferred to the
PDMS stamps before images were taken. The wires shown in (C) were on
the rough mother substrate after removing the PR stripes. D) Plot of the
dependence of the maximum width of GaAs wires (W, may) on the width
of PR-mask stripes (W,,). Etching conditions were similar to that of
Figure 1.

shift optical lithography to generate patterned PR lines with
submicrometer widths."”! In this process, a transparent elasto-
meric polydimethylsiloxane (PDMS) stamp with narrow lines
was prepared by replica molding of the relief structures of a
master fabricated via e-beam lithography.[m] The phase-shift of
light and conformal contact between PDMS and the PR film
enable the PR to be patterned into lines with widths of
50-300 nm, depending on the conditions and the design of the
mask. Figure 3C shows an SEM image of the GaAs nanowires
with widths of ~65 nm, which were prepared from the GaAs
wafer masked with ~200 nm wide PR lines defined via phase-
shift lithography. Combining these two kinds of lithographic
techniques enables the preparation of GaAs wires with widths
ranging from tens of nanometers to several hundred micro-
meters. Figure 3D plots the dependence of the maximum wire
width (Wy max) on the width of mask lines (W,,), showing the
linear relationship. The slope is 0.40, which is close to the pre-
dicted value (0.45) from Equation 2 by substituting 0.68 and
60.7° for a/d and «a, respectively. The high anisotropy of etching
remains, even for free-standing wires capped with PR stripes.
As a result, wires with nanometer-scale widths can also be ob-
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tained by increasing the etching time with PR lines that have
micrometer widths.

The lengths of the GaAs wires can also be easily tuned by
controlling the length of the PR-mask stripes. Figure 4 shows
SEM images of GaAs rods with different lengths; they are
somewhat shorter than the lengths of their corresponding PR
stripes. The shortening is attributed to the undercutting along
the longitudinal axis of each PR stripe, i.e., in the (011) direc-
tion. Since the (011) planes have higher surface energy than
{100} planes for fcc crystals,[m] the undercut etching exposes
the {100} planes, resulting in the formation of sharp ends. The
SEM image (Fig. 4A) of the unreleased GaAs rods shows the
generation of sharp ends on each rod and the preservation of a
flat top surface. The illustration shown in Figure 4A (inset)
clearly depicts the geometry and crystallographic surfaces of
an individual rod. Figures 4B-D show SEM images of GaAs
rods with average lengths of 6.4 um, 15.5 pm, and 40 pm,
which were prepared by using the PR-mask stripes with lengths
of 10 um, 20 um, and 50 um, respectively. In principle, we can
prepare wires with lengths up to tens of centimeters, i.e., the di-
ameter of the original wafer. The high uniformity in the lengths
of the as-prepared GaAs rods/wires shown in Figure 4 is very
difficult—or impossible—to generate through chemically syn-
thetic, “bottom—up” approaches.

In addition to easy control over the dimensions and unifor-
mity of the GaAs wires, the “top—down” approach described in
this article can also prepare complex structures other than
free-standing straight lines using specifically designed masks.
For example, each GaAs wire with lateral dimensions on the
sub-micrometer scale tethers one end to the mother substrate
when one end of each PR-mask stripe is connected to the bulk
PR film and the other end of the stripe is free. Figure 5 shows a
typical SEM image of such GaAs wires on the mother sub-

Figure 4. A) SEM image of an array of unreleased reverse-mesas. The in-
set presents an illustration of an individual GaAs rod with all the crystallo-
graphic planes specified. SEM images of GaAs wires with different
lengths: B) 6.4 um, C) 15.5 um, and D) 40 um. The widths of PR stripes
for all samples were 2 um. Etching conditions were similar to that of
Figure 1.
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Figure 5. SEM image of the GaAs wires with one end of each wire tethered
to the mother substrate and the other untethered. Etching conditions were
similar to that of Figure 1.

strate. The anchored ends of the wires preserve the spatial or-
der of the PR pattern, while the opposite ends move freely, al-
lowing the wires to bend into curved structures.

2.3. Influence of Etchant and Mask Materials on the
Morphology of GaAs Wires

Wet-chemical systems that anisotropically etch GaAs can be
classified into three categories: aqueous solutions of acids and
hydrogen peroxide (H,0,),'”! aqueous solutions of bases
and H,0,,? and solutions of bromine (Brp) in methanol.?!]
Acidic solutions of H,O, are commonly used in anisotropic
etching of GaAs due to their low toxicity (relative to Br; solu-
tions) and their compatibility with PR materials. We selected
H;PO4~H,0,-H,0 as the etchant in this work because of the
high purity (i.e., availability as electronic-grade) and non-vola-
tility of H3PO,. Previous studies indicated that the molar ratio
of H,O, to H;POy significantly affected the anisotropy of etch-
ing of GaAs single crystals. In our experiments, the molar ratio
of H,O, to H3PO, was fixed at 7.8:1, a value where high anisot-
ropy was previously obtained,”” and the influence of concen-
tration of H,O, on the etching rates and profile of cross-sec-
tions was investigated. Figure 6 shows the dependencies of the
undercutting-etching rate and the vertical-etching rate on the
concentration of H,0O,, indicating that the more concentrated
solution etches the crystals faster along both directions. Analy-
sis of SEM images taken from cross-sections of reverse-mesas
reveals that the angles between the top surfaces and side walls
of reverse-mesas are independent of the concentration of
H,0,, and that the values are around 60.5°. According to
Equation 2, the maximum width of released wires prepared
using PR-mask stripes with the same width is determined
mainly by the ratio of etching rates along the different direc-
tions. The inset in Figure 6 plots the ratio of the undercut-etch-
ing rate to the vertical-etching rate versus the concentration of
H,0,. The results show that the etchant with a H,O, concen-
tration of 42 M (i.e., a solution consisting of H3;PO,
(85 wt.-%)/H,0, (30 wt.-%)/H,0 =1:13:12 by volume) gener-
ates the lowest ratio of etching rates (r,/ry). In this case, the
etching process generates the highest anisotropy and largest
wire width. Having GaAs wires with a relatively large width is
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Figure 6. Dependence of the etching rates on the concentration of H,0,
in the etchant solution. The molar ratio of H,0, to H3PO,4 was fixed at
7.8:1 for all etchants. The GaAs wafers were patterned with 2 um width PR
stripes.

important in some cases, e.g., electronic devices, in order to
generate a large cross-sectional area for carrier transport. In
the following studies, the etchant solution was fixed, with the
recipe consisting of 4 mL of H;PO,4, 52 mL of H,O,, and
48 mL of deionized water.

In addition to the composition of the etchant, the composi-
tion of the etching mask also significantly affects the profile of
resultant GaAs wires. Table 1 lists the etching results obtained
using different PR materials (spin-cast on GaAs wafers) and
e-beam-evaporated thin films of dielectrics (e.g., SiO,) or
metals (e.g., Pd, Au, Ti/Au). The GaAs wafer masked with
Shipley 1805 PR generated the smallest r,/r, and a, and the
largest Wy max/Wm, while all the e-beam-evaporated masks led
to increases in both r,/r, and a, and thus to decreases in
Wy max/Wm. The difference in the ratios of the etching rates
parallel to and perpendicular to the top surface (r,/ry) might be
attributed to the stronger reducing ability of novolac-based
PRs (e.g., Shipley 1805) compared with GaAs, which reduces
the oxidation rate of GaAs near the interface of GaAs and PR,

Table 1. Results of GaAs with different mask materials etched with a solu-
tion consisting of H3;PO, (85 wt.-%)/H,0, (30 wt.-%)/H,0=1:13:12 by
volume.

Mask material ry=aft ry=dJt rnlrn a Woymax/ W
[nms™] [nm s [deg]
Shipley 1805 PR 8.86+0.38 13.13+0.25 0.68 60.7+1.8 0.45
PMMA PR 9.57+£0.35 10.60+0.12 0.90 63.1£0.7 0.36
AZ5214 PR 11.16 £0.42 10.42+0.28 1.07 69.8+0.9 0.26
50 nm SiO; [a] 1268+0.62 11.79+£0.25 1.08 701 £1.7 0.25
50 nm Pd [a] 11.17+£0.33 10.92+0.20 1.02 71.7+£0.9 0.25
50 nm Au [a] 10.89+0.20 9.79+0.20 1.1 70.8£0.1 0.24
5nmTi/50 nm Au[a] 10.76 £0.29 9.31%£0.19 1.16 722+0.5 0.22

[a] The mask stripes were formed by depositing the corresponding materi-
als using e-beam evaporation on the PR-patterned GaAs wafer, followed by
a lift-off process in acetone.

Adv. Funct. Mater. 2005, 15, No. 1, January



Y. Sun et al./Photolithographic Fabrication of Nanowires

Table 2. Etching results of GaAs in different acid solutions.

GaAs wafer masked with PR stripes of Ship-
ley 1805 in H3;PO,~H,;0,-H,0O, while etching

Volume ratio [3] Mask  r.-ast r=dft r/rnoa Wuma/Wm  GaAs wafers masked with e-beam-evaporated
[nms”] [nms] [deg] SiO, stripes in HCI-H,0,-H,O can generate
1:2:8 Shipley 10.93 £0.40 15.57£0.28 0.70 65.6+05 039 GaAs wires with very thin, Wedge-like morpholo-
H2S04/H,0,/H,0 1805 PR gies (Fig. 8). Figure 8A presents the SEM image
1:2:8 50nm  10.43+0.52  10.78+0.76 096  71.9%13 025 . ]
H,S04/H:00/H,0  SIO, of the cross-section of the wires before they were
1:4:40 Shipley ~ 1.89+£008 1694004 112 75308 0.9 released. This result indicates that the undercut-
HCI/H,0,/H,0 1805 PR ting-etching rate was larger than the etching rate
1:4:40 50 nm 2.18 £0.09 1.57+£0.04 1.39 80.6+1.3 0.11 along the direction perpendicular to the top sur-
HCI/H,0,/H,0 SiO,

[a] Solution concentrations: H,SO, 98 wt.-%; HCI 37 wt.-%; H,0, 30 wt.-%.

thus decreasing the undercut-etching rate. The differences be-
tween different PRs is still unclear, due to uncertainties over
their exact compositions. As shown in Table 2, GaAs masked
with e-beam-evaporated SiO, stripes always generated larger
values of r,/r, and a than GaAs masked with PR stripes, what-
ever the etchant composition. To our knowledge, this study
represents the first demonstration that the composition of the
etching mask has significant effects on the morphology of
GaAs wires. As a result, tuning the etching-mask composition
could provide an alternative to changing etchant composition
in order to modify the morphology of GaAs wires.

Statistical analysis of tens of etching experiments reveals that
the value of « is strongly related to the ratio of r,/ry; i.e., these
two parameters cannot be tuned independently. Figure 7 shows
their relationship: the etching processes that generate high r,/ry
ratios result in structures with high angles (a). The formation
of relatively large angles (i.e., @ >65°) indicates that the etch-
ing process generates side walls bounded by high-index planes
(e.g., {332}) rather than {111}A.'"") Therefore, we can control
the morphology and crystallographic surfaces (e.g., cross-sec-
tion) of the released GaAs wires by selecting appropriate mask
materials and etchants. For example, GaAs wires with
equilateral triangular cross-sections can be prepared by etching

0.6 0.8 1.0 1.2 1.4

Figure 7. Dependence of the angle of the side wall relative to the top sur-
face (@) on the ratio of the undercutting rate to the vertical-etching rate
(ru/rv). The etchant was composed of a ratio of H3;PO,4 (85 wt.-%)/H,0,
(30 wt.-%)/H,O =1:13:12 by volume.
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face of the GaAs wafer, and that the angle of the
side wall relative to the top surface was ~80.6°.
The lateral dimensions of the mesa-shaped neck
is larger than that of the reverse-mesa (~750 nm
versus ~250 nm). After the GaAs wires were released, the sur-
face of the mother substrate was patterned with the parallel
necks left behind (the parallel bright lines shown in Fig. 8B).
This image also shows some GaAs wires randomly assembled
on the surface of the mother substrate. These GaAs wires ex-
hibit much shorter lengths than the SiO, mask stripes, indicat-
ing that the resultant wires broke into small pieces due to their
fragility. The SEM image of the cross-section of an individual
GaAs wire clearly shows its sharp wedge-like profile, rough
side walls, and saw-like bottom edge (Fig. 8B, inset). The for-
mation of saw-like edges (i.e., the bottom edge formed by the
intersection of the side walls of the reverse-mesas) can be at-
tributed to roughness (i.e., the existence of ridge/valley stripes)
on the side walls of GaAs wires. The sections with ridges on
the side walls detach from the mother substrate at greater
depths than those with valleys. The difference is apparent for
GaAs wires with narrow widths (compare Fig. 8B, inset with
Fig. 1E, inset). Mechanical effects caused by vibration of the
solution during etching might also contribute to these saw-like
edges.

Figure 8. SEM images of the GaAs wires A) before and B) after release
from the mother substrate for the SiO,-masked GaAs wafer etched in the
solution consisting of T mL HCl (37 wt.-%), 4 mL H,0, (30 wt.-%), and
40 mL H,0.
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2.4. Characterization of Surface Roughness

Anisotropic etching usually generates a small mesa-shaped
neck between each reverse-mesa and mother substrate
(Fig. 1C). The neck is left as a ridge on the mother substrate
after the GaAs wire is released. Figure 9A shows an atomic
force microscopy (AFM) image of the surface of the left-be-
hind GaAs wafer, clearly showing the formation of a ridge
where the PR stripe was located. Polishing the GaAs wafer
using well-established approaches can smoothen its surface.”!

+10.0

10
10.0 um

Figure 9. AFM images of the remaining GaAs mother wafer A) before and
B) after it was polished with 20 nm silica colloids and chemical polishing
agents. C) SEM image of GaAs wires fabricated from the polished GaAs
wafer (B) using the procedure depicted in Figure TA. Etching conditions
were similar to that of Figure 1.
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Figure 9B presents an AFM image of the surface of the GaAs
wafer shown in Figure 9A after it was polished with 20 nm sili-
ca beads and chemical polishing agents. The ridges completely
disappear and the surface roughness is significantly decreased.
The small spots on the polished surface is attributed to the rela-
tively large size of the silica beads that we used in our demon-
stration. It is likely that better-controlled polishing procedures,
similar to those used in the semiconductor industry, can gener-
ate surfaces with quality similar to that of the original wafer.
The polished wafer shown in Figure 9B can be reused to gener-
ate GaAs wires via the procedure depicted in Figure 1A.
Uniform GaAs wires were indeed prepared using the “top-
down” fabrication process and a recycled wafer, with a typical
SEM image of the resultant wires shown in Figure 9C. Appar-
ently, the combination of “top—down” fabrication and a polish-
ing process enables the production of a large number of wires
from a single bulk GaAs wafer, thus significantly reducing the
cost per wire.

Close observations of the side walls of GaAs wires and re-
verse-mesas reveal that their surfaces are rough with ridge/val-
ley stripes parallel to the (011) plane, i.e., the surface of the
cross-section. The SEM image in Figure 10A was taken from
one reverse-mesa before it was released from the mother sub-

40 nm 7

0 nm

Figure 10. A) SEM image of an individual reverse-mesa generated by etch-
ing a GaAs wafer masked by a PR stripe. The inset is an SEM image of a
GaAs wafer with a PR stripe after etching for 5 s. B) AFM image of the side
wall of a single GaAs wire. Etching conditions were similar to that of
Figure 1.

Adv. Funct. Mater. 2005, 15, No. 1, January



Y. Sun et al./Photolithographic Fabrication of Nanowires

strate. The ridge/valley stripes on the side wall continue to ex-
tend to the mother substrate. The continuity of ridge/valley
reliefs on the side wall of the reverse-mesa and the mother sub-
strate suggests that they originate from the same source. The
inset in Figure 10A shows the SEM image of the GaAs masked
with PR after it was etched for a very short time (5 s). The im-
age clearly shows that the edge of the PR stripe is rough and
that the chemical etching initiates at the boundary of PR edge
and GaAs. The ridge/valley stripes on the side walls of GaAs
wires therefore likely originate from the roughness of the edge
of the PR-mask lines. An AFM analysis (Fig. 10B) of the side
wall of an individual GaAs wire confirms the formation of a
ridge/valley relief structure, with peak-to-valley distances rang-
ing from several to tens of nanometers (Fig. 10B, inset). De-
creasing the roughness of the edges of the PR-mask lines will
likely decrease the roughness of the wires.

2.5. Transfer Printing of GaAs-Wire Arrays onto Plastic
Substrates

The surface roughness of GaAs wires could have adverse ef-
fects on certain device applications, but this disadvantage could
be eliminated by transferring the GaAs-wire arrays to desired
substrates with their top, flat surfaces facing up for device fabri-
cation. When the PR-mask lines are surrounded by bulk PR
film, both ends of each GaAs wire are connected to the mother
wafer, resulting in the approximate preservation of the spatial
orientation defined by lithography. The resultant GaAs-wire ar-
ray can be transfer printed onto plastic substrates using the pro-
cedure illustrated in Figures 11A,B. The first step is to place a
transfer element (i.e., a flat piece of PDMS) on the GaAs wafer
covered with released GaAs wires. The low modulus of PDMS
promotes the formation of a conformal contact between PDMS
and the surface of the PR-mask stripes (step i). The surfaces of
the PDMS and PR stripes can be bonded together by hydro-
phobic-hydrophobic interactions® because the fresh PDMS
surface, covered with —Si-H and -Si-CHj; groups, is highly hy-
drophobic.[zs] This force is strong enough to break the connec-
tions between the ends of wires and mother substrate. Peeling
the PDMS stamp from the GaAs substrate lifts off all of the
wires (step ii). Placing the PDMS stamp with GaAs wires
against an adhesive layer, such as polyurethane (PU), spin-
coated onto a plastic substrate, such as a sheet of poly(ethylene
terephthalate) (PET), forms a conformal contact due to flow of
the liquid PU (step iii). Curing the PU with illumination of a
UV lamp (with an intensity of 14.5 mW cm™) for 1 h solidifies
the PU layer and bonds the GaAs wire and PET substrate to-
gether. Peeling away the PDMS stamp leaves the GaAs wires
and PR-mask stripes embedded in the matrix of cured PU, with
preservation of the order and crystallographic orientation of
the wires prior to lift-off from the mother substrate (step iv).
Figures 11C,D are SEM images of the GaAs wires (with PR)
on the flat PDMS stamp, showing the preservation of the order
of wires and the triangular cross-section of each wire. The SEM
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image shown in Figure 11E shows the GaAs wires embedded in
PU/PET, indicating that the surface of the cured PU layer is as
smooth as the PDMS surface. In the transfer process, the PR-
mask stripes serve as a buffer layer to protect the surfaces of
the GaAs wires from being contaminated with other materials,
such as PU. By using inorganic dielectric materials, e.g., SiO»,
as etching masks, it is possible to completely avoid organic con-
taminants. The resultant wire arrays can also be transfer printed
onto plastic substrates through a scheme similar to that in Fig-
ures 11A,B.[15]

This technique has the capability of transferring GaAs-wire
arrays onto plastic substrates with large areas. Figure 12A pre-
sents an optical-microscopy image of a PU/PET substrate with

Al

PDMS

Figure 11. Schematic illustration of the process of transfer printing GaAs-
wire arrays onto plastic substrates. A) The steps involved in the transfer of
GaAs-wire arrays to a PDMS stamp: i) placing a PDMS stamp on a GaAs
wafer with wires leads to the formation of a conformal contact and hydro-
phobic—hydrophobic interaction between PDMS and the surface of PR
stripes; ii) peeling the PDMS stamp from the GaAs substrate lifts off the
wires. B) The steps involved in the transfer process of GaAs-wire arrays
from PDMS stamp to poly(ethylene terephthalate) (PET) substrate coated
with a thin layer of polyurethane (PU): iii) placing the PDMS stamp (with
wires) on a liquid PU layer spin cast on PET sheet causes the PU to flow
and conform to the wires; iv) solidifying PU with UV light bonds the wires
to the PET sheet such that peeling off the PDMS stamp leaves the wires
embedded in PU. C,D) SEM images of a GaAs-wire array bonded to PDMS
stamp via the PR stripes. E) SEM image of a GaAs-wire array on a PU/PET
sheet. Etching conditions were similar to that of Figure 1.
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embedded GaAs wires, indicating that large-area wire arrays
can be routinely printed on the PU/PET substrate using the ap-
proach depicted in Figure 11. Illuminating the GaAs wires with
a laser beam perpendicular to the surface of PU/PET substrate
generates a diffraction pattern consisting of only one straight
line (with diffraction spots) perpendicular to the orientation of
GaAs wires (Fig. 12A, inset), further confirming that the GaAs
wires embedded in a PU/PET substrate maintain their uniform
alignment defined by lithography. (However, the periodic or-

Figure 12. Optical micrographs of GaAs-wire arrays on PU/PET substrates
with different numbers of layers of wires: A) single layer; B) double layers
with cross angle of ~90°. The upper-right insets are the diffraction pat-
terns generated from a laser beam perpendicularly passing through the
PU/PET sheets with GaAs-wire arrays. The bottom-left inset of (B) is the
SEM image taken from the cross-section of the sample in (B) with double
layers of GaAs wires.

dering is somewhat degraded.) The transfer process could be
repeated to print multiple layers of GaAs-wire arrays on the
same PET substrate by spin-coating a new layer of PU.
Figure 12B shows a typical image of a sample with two layers
of GaAs-wire arrays, obtained by rotating the second layer by
~90° relative to the first layer. Accordingly, illuminating this
sample with a laser beam generates a diffraction pattern with
two perpendicularly-crossed lines (Fig. 12B, upper-right inset).
The bottom-left inset of Figure 12B presents an SEM image of
the cross-section of the sample shown in Figure 12B, clearly
showing that the GaAs wires are embedded in the cured PU,
and that the two individual layers of GaAs-wire arrays are sep-
arated by PU. The thickness of the PU layer, which can be con-
trolled by tuning the spin-coating speed, controls the spacing
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between the wire arrays. For various applications, the PU can
insulate the GaAs arrays located in different levels.

2.6. Extension of the Fabrication Process to Other Materials

This “top—down” approach can be used to generate wires or
wire arrays of other semiconductor materials by judicial selec-
tion of anisotropic etchants. For example, InP wires with trian-
gular cross-sections have been fabricated by etching a (100)
InP wafer with SiO,-mask lines along the (011) direction in a
1vol.-% solution of Br, in methanol. In this case, SiO,
replaced PR as an etching mask because methanol dissolves
the PR. Figures 13A,B show typical SEM images of the InP
wires before and after lift off from the mother substrate,
respectively. The degree of undercutting for InP etching is less
than that of GaAs, implying that InP wires with small widths
(less than 500 nm) might be more easily prepared by using nar-

|I|||I|||I|||'|.||||||||I\|H|I|||I|||'||I‘|!I‘||HII||H”|”M

Figure 13. A) SEM image of the reverse-mesas of InP generated by etching
InP wafer with SiO,-mask stripes in a 1vol.-% solution of Br, in methanol.
B) SEM image of a random assembly of released InP wires on the mother
substrate. C) SEM image of InP-wire arrays bonded to a PDMS stamp via
SiO; stripes.

row SiO; stripes rather than by controlling the etching time. It
is of note that the side walls of InP wires are much smoother
than those of GaAs wires (compare Fig. 13B (inset) with
Fig. 1E (inset)). The difference implies that the etching of InP
does not initiate from the boundaries of the edges of the SiO,-
mask lines and the InP substrate. The arc-shaped surface of the
remaining mother substrate with deep positions located at the
areas without the SiO, mask (indicated by the arrows in
Fig. 13A) indicates that the etching of InP starts from the cen-
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tral portions of uncovered InP. In this case, the roughness of
the side walls of the InP wires is mainly determined by the
etching process rather than by the roughness of the edges of
the SiO,-mask stripes. The lengths of the InP wires can also be
changed by controlling the length of the SiO,-mask stripes, and
the resultant wire arrays can be transfer printed onto plastic
substrates (e.g., PU/PET) using a PDMS stamp.!"”! Figure 13C
shows an SEM image of two rows of InP-wire arrays attached
to a PMDS stamp via the SiO,-mask stripes. The formation of
covalent siloxane (Si-O-Si) bonds between PDMS and SiO,
enables us to pick up InP wires from the mother substrate.”!
These wires were fabricated from an InP wafer patterned with
SiO, lines of 50 um length and 2 um width. The wires had
lengths and widths of ~35 pum and ~ 1.7 um, respectively. The
InP wires on PDMS can then be printed onto PU/PET sub-
strates using the procedure in Figure 11B.

3. Conclusions

A simple “top—down” approach was developed for fabricat-
ing micro/nanowires of GaAs and InP with triangular cross-
sections from the bulk high-quality single-crystal wafers of
these materials. The process is based on the combination of a
photolithographic technique (i.e., traditional photolithography
using a photomask or phase-shift lithography using a soft
PDMS phase mask) and anisotropic chemical etching. The lat-
eral dimensions of the resultant wires can be controlled by tun-
ing the width of the mask stripes and the etching time, while
their lengths are mainly dependent on the length of the mask
stripes. The morphologies of the cross-sections (i.e., the relative
length of each edge, and the angle o) of GaAs wires is strongly
dependent on the composition of the etchant system as well as
the composition of the etching mask. Therefore, this “top-
down” process with various tunable parameters generates
better control over the dimensions, crystallinity, doping level,
doping uniformity, and morphology of resultant wires than
“bottom—up” synthetic approaches. Importantly, the left-be-
hind mother wafer can be reused after polishing, so large num-
bers of wires can be generated from a single wafer, significantly
decreasing fabrication costs.

Defining mask stripes surrounded by bulk film generates
wire arrays with order and spatial orientations similar to that
of the mask stripes. The as-obtained wire arrays on the mother
substrates can be transfer printed with high fidelity onto plastic
substrates coated with a thin layer of adhesive, in which the
wires become embedded. This “dry” printing of “top—down”
nano/microwires represents a new class of transfer processes
that could be easily scaled up to larger areas and higher speeds
because liquid solvents and complex instrumentation are not
required in the process. The main disadvantage of this transfer
process is that the edge roughness of the mask stripes, resulting
from the lithography, limits the smoothness of the side walls
and the uniformity in the widths of the wires. It is likely that
these “top—down” fabrication and transfer printing processes
can be extended to other materials by carefully selecting the
composition of the anisotropic etchant. Wire arrays of semi-
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conductors transfer printed onto plastic substrates could find
immediate applications in various fields, such as high-perfor-
mance flexible electronic devices.

4. Experimental

Fabrication of GaAs Wires: A layer of photoresist (Shipley 1805,
Shipley Company LLC, Marlborough, MA) was spin-coated on a (100)
GaAs wafer at a speed of 3000 rpm for 30 s, followed by soft-baking at
115 °C for 60 s. Exposing the wafer to UV light (12.5 mW cm™ in inten-
sity, Karl Suss MJB3 mask aligner, Suss Microtec Inc., Waterbury Cen-
ter, VT) for 6 s through the proper Cr photomask defined the pat-
terned lines parallel to the (011) direction of the GaAs crystal.
Developing the exposed wafer (MF-26 A developer, Rohm and Haas
Electronics Materials LLC, Marlborough, MA) for 6 s generated
photoresist patterns. A similar procedure was used to define line pat-
terns of other photoresists (i.e., AZ5214 or poly(methyl methacrylate))
on the (100) GaAs wafer. For the line patterns of e-beam-evaporated
materials, the GaAs wafers with patterned lines of photoresist
(Shipley 1805) were placed in the chamber of an e-beam evaporator
(Temescal, Berkeley, CA), and the desired materials were deposited on
the wafers at high vacuum. Lifting off the photoresist in acetone left
the mask lines made of dielectric (i.e., SiO,) or metals (i.e., Au, Pd, and
Ti/Au) on the GaAs wafer. For soft lithography using a phase mask, a
polydimethylsiloxane (PDMS) stamp with patterned lines of several
hundred nanometers width was first prepared from a master fabricated
via e-beam lithography. In this step, the master was placed in a vacuum
desiccator along with ~100 uL of (tridecafluoro-1,1,2,2-tetrahydro-
octyl)-1-trichlorosilane (United Chemical Technologies Inc., Bristol,
PA) for 2 h. The silanized master was covered with a thin film of high-
modulus PDMS (Gelest Inc., Morrisville, PA) by spin-casting a mixture
of 34 g (7-8% vinylmethylsiloxane)-dimethylsiloxane copolymer,
100 ug of 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane, 50 pug
of platinum catalyst, and 1g (25-30% methylhydrosiloxane)-di-
methylsiloxane copolymer, followed by pouring the low-modulus
PDMS (component ratio A/B =1:10, Sylgard 184, Dow Corning Corp.,
Midland, MI) onto the master. Baking at 65 °C for 2 h completed the
curing of the polymers. Peeling away the composite PDMS formed the
soft phase mask. The phase mask was then placed on the (100) GaAs
wafer covered with photoresist film (Shipley 1805, spin-cast at
5000 rpm for 60 s), with the lines on PDMS aligned parallel along the
(011) direction of the GaAs crystal. Exposing and developing gener-
ated the patterned lines of photoresist with widths of ~200 nm. The
etchant was prepared by mixing 4 mL of H;POy, (85 wt.-%), 52 mL of
H,0, (30 wt.-%), and 48 mL of deionized water in an ice-water bath.
Immersion of GaAs wafers with various etching masks in the etchant
generated GaAs wires through anisotropic etching. The resultant sam-
ples were rinsed with deionized water or acetone, dried, and prepared
for taking images and transfer printing.

Fabrication of InP Wires: The SiO, mask was defined via the same
procedure as that used for GaAs. The etchant was prepared by mixing
1 mL of Br;, liquid and 100 mL of methanol at room temperature. Im-
mersion of InP wafers with SiO, masks in the etchant for appropriate
times generated InP wires through chemical etching. Caution: This op-
eration must be performed in a well-ventilated hood because Br, is
highly volatile and toxic.

Transfer Printing of Wire Arrays on Plastic Substrates: The transfer
element, i.e., a flat PDMS sheet, was prepared by pouring the mixture
of low-modulus PDMS (A/B =1:10, Sylgard 184, Dow Corning) onto a
piece of silicon wafer pre-modified with a monolayer of (tridecafluoro-
1,1,2,2-tetrahydrooctyl)-1-trichlorosilane, followed by baking at 65°C
for 2 h. Rinsing the PDMS stamp with ethanol generates a clean and
hydrophobic surface after it was peeled off from the Si wafer. Placing
the PDMS stamp against the surface of a GaAs wafer with a wire array
resulted in conformal contact between PDMS and the surface of the
PR stripes. Leaving the system in contact for 10 h generated strong hy-
drophobic-hydrophobic interactions between PDMS and the PR. Peel-
ing the PDMS stamp from the GaAs wafer lifted off all the GaAs wires
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(with the PR-mask stripes). The GaAs wires on the PDMS stamp can
be transferred to a poly(ethylene terephthalate) (PET) substrate via an
adhesive layer, i.e., polyurethane (PU). In this process, the PDMS
stamp was placed against a thin layer of liquid PU (NOA 73, Norland
Products, Cranbury, NJ) spin-coated onto a plastic PET substrate with
a thickness of ~175 um (Mylar film, Southwall Technologies, Palo Alto,
CA). Illuminating the sample with an UV lamp (Model B 100 AP,
Black-Ray, Upland, CA) for 1 h cured the PU layer and formed a
strong bond between the cured PU and the GaAs wires, and between
the cured PU and the PET sheet. Peeling away the PDMS stamp left
the GaAs wires and PR stripes embedded in the matrix of cured PU.
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