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’20 High aspect ratio semiconductor nanostructures are becoming
21 more prevalent in many applications including solar cells, light
22 emitting diodes (LEDs), field effect transistors (FETs), thermo-
23 electric devices, and sensing.1�5 These nanostructures can be
24 formed from either the bottom up by growth or the top-down by
25 etching. For top-downmethods, one of the most used methods is
26 reactive ion etching of a patterned substrate.6 However, this can
27 result in extensive damage to the crystal structure and surface
28 morphology because of the high-energy ions involved. For
29 silicon, such surface damage can be repaired by thermal anneal-
30 ing. However, for compound semiconductors, such as GaAs,
31 thermal repair is not completely effective mainly because of the
32 difficulty of maintaining stoichiometry.7,8 One top-down etching
33 method, which is becoming increasingly more favorable, is metal-
34 assisted chemical etching (MacEtch), a simple directional wet
35 etching method.9

36 MacEtch, first reported by Li and Bohn for silicon (Si),10 offers
37 a wet etching method for semiconductors that can be anisotropic,
38 assisted by a metal catalyst. The catalyst can be patterned metal
39 films (Ag, Au, Pt, Pd, etc.) or metal nanoparticles (e.g., Ag)
40 formed by galvanic displacement from a solution that contains the
41 metal salt (e.g., AgNO3).

11,12 The latter results in less controlled
42 spatial ordering and diameter distribution due to the random
43 networks of metal nanoparticles.13 For the former, a 20�30 nm
44 layer of gold or platinum can be patterned using a variety of
45 different methods, including superionic solid-state stamping,14

46 e-beam lithography,15,16 polystyrene spheres,17 and metal deposi-
47 tion masks.18 The metal-coated Si sample is submerged into a
48 solution of HF and H2O2 and a diluting agent, such as ethanol.

14

49 The metal acts as a local cathode catalyzing the reduction of the
50 oxidant H2O2 to generate free holes at themetal�Si interface and

51oxidizes Si, which reacts with the solution to form H2SiF6.
10 The

52ratio of these reactants can greatly affect the morphology and
53topography of the produced nanostructures.14,15 Because it
54occurs near room temperature, MacEtch should not introduce
55metal contamination, in contrast to bottom-up high-temperature
56metal-catalyzed nanowire growth. Because it is a wet etch process,
57MacEtch avoids ion-induced surface damages typically seen in dry
58etch processes. This is crucial to III�V nanostructures for
59optoelectronic applications.
60However, MacEtch of III�V materials to produce periodic
61nanostructures, especially in high aspect ratios, has hardly been
62explored. Previously, small microbump arrays of InP have been
63formed using MacEtch coupled with UV photoirradiation, over
64an extended period of time with a large (∼40 μm) pattern.18

65MacEtch of GaAs has been able to produce sporadic minor
66crevices19,20 and protrusions20 by using Cu, Ag, and Pd as the
67metal catalyst19,20 and hydrogen peroxide (H2O2) as the oxidiz-
68ing agent. Regardless of the type of the semiconductor, the ideal
69MacEtch solution needs to be inert without the presence ofmetal.
70Although H2O2 has been proven to be a suitable MacEtch agent
71for silicon, it has been shown to etch (100) GaAs in either acidic
72or base solution without the presence of metal catalyst.19�21

73The main challenge of MacEtch of III�V is to find the
74appropriate etching condition resulting in the highest differ-
75ential etch rate for the III�V semiconductors with and with-
76out metal present. Oxidizing agents with weaker potentials
77(e.g., KMnO4) are required to prevent nonmetal-catalyzed
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8 ABSTRACT: Periodic high aspect ratio GaAs nanopillars with
9 widths in the range of 500�1000 nm are produced by metal-
10 assisted chemical etching (MacEtch) using n-type (100) GaAs
11 substrates and Au catalyst films patterned with soft lithography.
12 Depending on the etchant concentration and etching tempera-
13 ture, GaAs nanowires with either vertical or undulating sidewalls
14 are formed with an etch rate of 1�2 μm/min. The realization of
15 high aspect ratio III�V nanostructure arrays by wet etching can
16 potentially transform the fabrication of a variety of optoelectronic device structures including distributed Bragg reflector (DBR) and
17 distributed feedback (DFB) semiconductor lasers, where the surface grating is currently fabricated by dry etching.
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78 etching, while maintaining a reasonable etch rate in the presence
79 of metal.
80 In this paper, we investigate the etching characteristics of
81 n-type GaAs wafers patterned by Au using soft lithography with
82 KMnO4 as the oxidizing agent in acidic (H2SO4 or HF) solutions
83 as a function of solution concentration and temperature. We
84 demonstrate that ordered arrays of high aspect ratio GaAs
85 nanostructures can be formed using Au-MacEtch.
86 Epi-ready Si-doped (100) GaAs substrates acquired from
87 AXT, Inc. with a doping concentration of 1�4 � 1018 cm�3

88 were used for MacEtch. Potassium permanganate (KMnO4), an
89 oxidizing agent that has an oxidation potential lower than that of
90 H2O2 (see Table 1, Supporting Information), was mixed with
91 deionized water (DI) and either sulfuric acid (H2SO4) or
92 hydrofluoric acid (HF). The overall etching of GaAs using
93 KMnO4 can be described by the following chemical reaction:
94 GaAs + MnO4

� + H+ f Ga3+ + Asn+ + Mn2+ + H2O, with n
95 equal to 3 or 5. Several possible products of the etching reaction
96 with mass and charge balanced are listed in the Supporting
97 Information. The etching was carried out at either room tem-
98 perature or 30�45 �C for a period of 3�5 min, as will be
99 indicated. No stirring was done during etching.
100 Nanoscale Au mesh patterns, with hole size ranging between
101 500 and 1000 nm, were prepared using a soft lithography
102 method.22 First, a layer of SiNx was deposited on top of the
103 GaAs, followed by a spin-coated layer of SU8. Using a poly-
104 (methyl methacrylate) (PMMA) stamp, the pattern was im-
105 printed onto the SU8. Next the depressed SU8 was removed
106 using an oxygen plasma etch. The sample was then subject to a
107 CHF4 etch to remove the exposed SiNx. Following this step, a
108 20 nm layer of Au was evaporated on the GaAs surface. The
109 remaining SiNx and SU8 were removed with sonication in a
110 diluted HF solution. Also tested were micrometer square pat-
111 terns of 300� 300 μm2 separated by 125 μm wide strips of gold
112 formed with standard optical lithography using AZ5214 photo-
113 resist. SEM images were obtained using a Hitachi 4800 micro-
114 scope and photoluminescence (PL) spectra were measured using
115 a Renishaw micro-PL system with a 633 nm pump laser and a
116 CCD detector at room temperature.
117 As mentioned earlier, MacEtch begins when holes (h+) are
118 generated from the oxidant on the metal surface and then diffuse
119 to the semiconductor. The holes (h+) can then subsequently be
120 consumed by oxidizing the semiconductor directly underneath
121 the metal to form soluble product in the acidic solution. This

122leads to vertical etching. Alternatively, the holes can diffuse
123outside of the metal�semiconductor interface to areas around
124the metal to induce lateral etching. The aspect ratio of a produced
125structure is inherently related to the proportion of vertical to
126lateral etching, which is the essence of the MacEtch mechanism.
127Processing factors that affect the dynamics of MacEtch can be
128classified into three categories: (1) semiconductor type and
129doping; (2) metal type, feature size, and density; and (3) solution
130components, concentration, temperature, and local concentra-
131tion fluctuation. The focus of this study is on the third factor
132that limits aspect ratios, i.e., the solution. In particular, we
133explore the effect of oxidizing agent potential and concentra-
134tion, chemical end product, accessibility to solution as a result
135of metal pattern size, and temperature on the etching dynamics
136and aspect ratio of GaAs nanostructures produced by this
137method.
138In order to produce high aspect ratio structures, lateral etching
139must be suppressed. Figure 1 F1presents the effect of the oxidant
140concentration on the etching direction by using large size Au
141mesh patterns (300� 300 μm2 separated by 125 μm). For metal
142patterns of such large size, etching takes place mostly around the
143edges of the metal pattern, while areas under the middle of the
144metal pads have limited access to solution which prevents
145product removal. Accumulated holes from the metal covered
146areas tend to diffuse laterally and side etch occurs. Figure 1a
147is a schematic illustration of the typical topography produced
148from patterns of this size as well as a SEM image showing the
149trenched profiles. The trenched etching structures are measured
150on two parameters: vertical etch depth and side (lateral) etch
151length.
152Figure 1b shows the effect of the concentration of oxidizing
153agent KMnO4 on the vertical vs side etch rate. The vertical and
154side etching depths are plotted using the average depth measured
155over multiple squares on the same sample, and the standard
156deviation is plotted as the error bar. It can be seen that as KMnO4

157concentration increases, the vertical etch depth peaks at a
158concentration of 37 mM and then drops to a relatively stable
159value. This concentration also exhibits the best aspect ratio
160(vertical/side etch depth). Further increase in concentration
161causes the side etch to surpass the vertical etch rate, as more holes
162are produced at higher concentrations of KMnO4. In order to
163form completely ordered structures with vertical sidewalls, the
164dissolution step of MacEtch reaction needs to be uniform across
165the patterned area.

Figure 1. Effect of oxidant concentration on vertical and side etch of GaAs using a 300 � 300 μm2 large square Au mesh pattern that was etched in a
solution of KMnO4 and HF for 3 min. (a) Schematic illustration of a typical etched profile defined by vertical and side etch at the pattern edges. Inset
shows a SEM image of such profile. (b) Plot of vertical and size etch depth as a function of KMnO4 concentration.
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166 Note that patterns of hundreds of micrometers had to be used
167 to evaluate side etch. If the side etch is larger than the radius of
168 the nanostructure's lateral dimension, it will result in polishing
169 with no discernible structure formation. Due to the difference in
170 the supply of holes (h+) for oxidation and end product removal
171 rate, the optimum etching recipe varies as a function of metal
172 pattern size and connectivity. MacEtch of GaAs at nanoscale
173 dimensions is found to be very sensitive to all etching parameters.
174 For Au mesh patterns at submicrometer scales, most combina-
175 tions of oxidant to acid ratio, dilution, and temperature resulted
176 in either no etching or polishing from overetching. A suitable
177 etching condition is determined by calibrating between the two
178 extremes.
179 Shown in Figure 2F2 is an array of highly vertical GaAs
180 nanopillars produced from an Au mesh pattern with 600 nm
181 diameter openings in a solution of H2SO4 over-saturated with
182 KMnO4 at slightly elevated temperature for 5 min. The nano-
183 pillars formed are ∼3.5 μm tall and ∼600 nm in width. The Au
184 mesh pattern descends to the bottom of the pillar structure and
185 can be seen clearly in Figure 2b, just as is the case for Si MacEtch.
186 The tips of the nanopillars appear to be tapered, probably
187 resulting from lateral etching at the initial stage. Slight nonuni-
188 formity in the pillar width can be seen in the cross-sectional SEM
189 image near half height of the wire. However, the position of the
190 narrow neck appears to be synchronized for all pillars, implying
191 that this is due to local etchant concentration fluctuations in the
192 solution. Nevertheless, large area periodic arrays of ordered GaAs
193 nanopillars are produced using MacEtch in a matter of minutes.
194 Importantly, the solution has to be kept between 40 and 45 �C
195 during etching. Note that using the same solution, no etching was
196 observed at room temperature, while at temperatures higher than
197 45 �C, the Au pattern delaminates from the substrate surface.

198Interestingly, at a slightly lower temperature range of 30�
19935 �C, ametalmesh pattern of similar dimensions using the same
200solution etched for the same period of time acts as an etching
201mask for GaAs. Etching is promoted in the areas without Au
202coverage, yielding a GaAs grid structure with craters that have an
203initially sloped sidewall but a flat bottom with a depth of
204approximately 0.5 μm, as shown in Figure 3 F3.
205We hypothesize that at this temperature, the etching reaction
206is dissolution limited. The rate-determining step is the removal of
207the oxidized Ga3+ and Asn+ (n = 3+ or 5+) into solution (e.g.,
208Ga2(SO4)3 and HAsO2). As a result, the holes (h

+) generated at
209the gold surface are not consumed in time and instead diffuse
210laterally to promote etching of the bare GaAs. Similar reverse
211MacEtch was reported for InP under photoirradiation.18 In that
212case, the above bandgap photons generate electrons and holes in
213the bare InP area; the electrons then diffuse and recombine with
214the holes generated from metal-catalyzed oxidant reduction in
215the metal-covered area, causing holes to accumulate and etch the
216bare InP region.
217These results indicate that etching temperature can affect the
218dynamics of carrier diffusion, oxidation, and product removal, all
219of which are important to the spatial profile of GaAs structures
220generated by patterned MacEtch.
221Furthermore, striking zigzagging high aspect ratio nanowires
222are formed by MacEtch using a solution of KMnO4 and HF in a
223glass beaker at room temperature. Shown in Figure 4 F4is an array
224of wires with zigzagging sidewalls formed from a 1.0 μmdiameter
225mesh pattern etched using 55.7 mM of KMnO4 in HF for 5 min.
226From the zoomed in side image (Figure 4b), it can be seen that
227the zigzag pattern is synchronized horizontally. Also, the twisting
228direction is close to Æ111æ crystal orientation based on measured
229angles from the SEM images. It is known that MacEtch can

Figure 2. SEM images of high aspect ratio GaAs nanopillars produced from a 600 nm wide square Au mesh pattern in H2SO4 and KMnO4 solution at
40�45 �C. (a) 30� tilted view at low magnification, (b) 30� tilted view at high magnification, (c) cross-sectional showing the highly vertical
nanopillar array.

Figure 3. SEM images of periodic indentations created by inverse MacEtch using the same Au pattern as in Figure 2 but Au acts as a mask in H2SO4 and
KMnO4 solution at 30�35 �C. (a) Tilted and (b) top views with Au still on top of the surface, and (c) top view from an area with most of the Au
peeled off.
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230 propagate along different orientations with different etchant
231 concentration, and high HF/oxidant ratio prefers etching along
232 Æ111æ directions for Si (100) substrate.14 We believe concentra-
233 tion modulation is the reason for the observed zigzagging GaAs
234 nanowires which twist left and right from one Æ111æ orientation
235 to another, joined by the straight Æ100æ segments.
236 It has been reported that zigzag Si nanowires were formed
237 using (111) Si wafers through MacEtch with solution-based Ag
238 catalyst AgNO3.

13 Notably, an intentionally scratched rough
239 surface led to zigzag, while polished smooth surface yielded straight
240 wires. In another report,23 an initial porous silicon layer was
241 deemed important for the formation of zigzag Si nanowires for
242 Si(100) surface using patterned Au mesh as catalyst at an elevated
243 temperature (60 �C). The porous layer acted as a barrier to deter
244 diffusion of MacEtch reactants in the unstirred solution, creating
245 high and low concentrations as reactants were consumed because
246 there was a delay in replenishing them. The authors also attributed
247 the zigzag morphology to the concentration variations.
248 In our case, intentional surface roughening did not produce
249 zigzagging structures. However, carrying out the reaction in a
250 glass container with HF acid was necessary, implying that the
251 borosilicate glass container participated in the etching reaction.
252 We hypothesize that the glass surrounding the solution is
253 constantly turning HF into H2O, which creates a concentration
254 gradient that drives the diffusion of HF directly above the
255 semiconductor wafer piece toward the container walls. In com-
256 petition with the outward diffusion, HF is consumed from
257 reacting with GaAs during MacEtch, causing the diffusion to
258 shift back toward the wafer piece to rebalance the concentration.
259 The constant modulation of flux during etching creates a periodic
260 concentration variation similar to the zigzagging Si nanowire
261 etching condition reported by Kim et al.23 Although the bor-
262 osilicate container reaction replicated an extreme case of con-
263 centration variations during etching, the resulting nanowire
264 morphology clearly demonstrates the susceptibility of GaAs
265 MacEtch to local solution fluctuations.
266 Figure 4c shows the PL spectrum taken from the zigzagged
267 nanowires along with an unetched area on the same sample. A
268 distinct shift toward longer wavelength by∼9 nm relative to bulk
269 GaAs is observed for the zigzagged nanowires, and smaller
270 (∼ 3 nm) red shift (not shown) has also been observed for
271 other nanowire structures formed. The red shift might be from
272 some shallow surface states which become more prevalent for
273 nanowires due to the increased surface area. Further investi-
274 gation is needed to elucidate the origin of this shift.

275To summarize, Figure 5 F5shows schematic illustrations of the
276formation mechanism of the GaAs nanostructures reported here.
277Three processes labeled 1, 2, and 3 correspond to the three steps
278in MacEtch: hole formation, hole diffusion, and semiconductor
279oxidation and removal. Figure 5a corresponds to MacEtch
280involving H2SO4 at high temperature (40�45 �C), where the
281holes are removed as soon as they reach the boundary of Au,
282GaAs, and solution. This scenario results in high aspect ratio
283vertical wall nanopillars, as shown in Figure 2. Figure 5b repre-
284sents MacEtch involving H2SO4 at mid-temperature range
285(30�35 �C), where there is an excess amount of holes accumu-
286lates in the bare GaAs area because the lower temperature
287severely reduces the rate of step 3. This mechanism leads to
288reverse MacEtch, as shown in Figure 3, where metal acts as a
289mask. Figure 5c illustrates the scenario of Figure 4, where
290MacEtch involves local concentration fluctuation induced by
291consumption and rebalance of HF/KMnO4 by the boroslicate
292glass. The concentration modulation forces the nanowires to
293exhibit a zigzag morphology.
294In conclusion, by adapting the MacEtch solution to GaAs, we
295have demonstrated that MacEtch, a wet but directional etching
296method, can produce high aspect ratio semiconductor nanoscale
297structures beyond just silicon. In contrast to MacEtch of Si, the
298process window for GaAs is more sensitive to the rate of
299oxidation with and without the Au catalyst and rate of dissolution
300for etching product removal as well as changes in the local
301concentration during etching. By exploiting the effect of etching
302parameters, different nanostructures can be formed for a variety
303of applications, including DBR or DFB lasers, photonic crystals,
304LEDs with periodic roughening surfaces, and solar cells with light
305trapping nanostructures. Since the etching takes place at near
306room temperature, no metal contaminants should be incorpo-
307rated in the core of the nanopillars, and surface contamination
308can be removed. Because there is no high energy ions involved, as
309in the case of dry etching, surface damage should not be a
310concern. Because the aspect ratio is essentially limited by etching
311time, as long as unassisted etching mechanism such as side
312etching can be suppressed, extremely high aspect ratio vertical
313structures can be generated. Although only n-type GaAs is
314demonstrated here, with further research it should be possible
315for MacEtch to work for III�V materials of various doping types
316and levels as well as heterostructures. The realization of high
317aspect ratio III�V nanostructure arrays by MacEtch can poten-
318tially transform the fabrication of a variety of optoelectronic
319device structures including DBR and DFB semiconductor lasers,

Figure 4. Cross-sectional view SEM images of an array of zigzagging GaAs nanowires at (a) low and (b) high magnifications, formed from MacEtch
using 1 μmwide square Au mesh pattern at 55.7 mM concentration of KMnO4 in HF solution carried out in a glass beaker. The tips of the nanowires in
(a) are clumped together due to surface tension when the wires are tall. (c) Room temperature PL spectra taken from the zigzagged GaAs nanowires,
along with an unetched area of the GaAs substrate. The peaks are at 870 and 880 nm, respectively.
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320 where surface grating is currently fabricated by dry etching. It also
321 brings affordability and possibly new device concepts for III�V
322 nanostructure based photonic devices.

323 ’ASSOCIATED CONTENT

324 bS Supporting Information. In MacEtch, the metal catalyst
325 acts as the cathode and the semiconductor acts as the anode.
326 Table lists relevant half reactions involving chemical species used
327 for etching in this article as well as possible products and
328 participating reactants in the overall reaction. This material is
329 available free of charge via the Internet at http://pubs.acs.org.
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Figure 5. Schematic illustrations (a�c) of the formation mechanism of morphologies observed in Figures 2�4, respectively. The etching process
involves the competition of three steps: (1) hole (h+) generation from KMnO4 catalyzed by Au surface; (2) hole (h+) diffusion; and (3) oxidation and
removal of etching products (Ga3+ and Asn+, where n = 3 or 5). See text for details.
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