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Top-Down Fabrication of High Quality III–V Nanostructures 
by Monolayer Controlled Sculpting and Simultaneous 
Passivation
 In the fabrication of III–V semiconductor nanostructures for electronic and 
optoelectronic devices, techniques that are capable of removing material 
with monolayer precision are as important as material growth to achieve best 
device performances. A robust chemical treatment is demonstrated using 
sulfur (S)-oleylamine (OA) solution, which etches layer by layer in an inverse 
epitaxial fashion and simultaneously passivates the surface. The application 
of this process to push the limits of top-down nanofabrication is demon-
strated by the realization of InP-based high optical quality nanowire arrays, 
with aspect ratios more than 50, and nanostructures with new topologies. 
The fi ndings are relevant for other III–V semiconductors and have potential 
applications in III–V device technologies. 
  1. Introduction 

 III–V semiconductor nanostructures have attracted tremendous 
attention for their unique physical properties, and for potential 
applications in electronics and optoelectronics, [  1–5  ]  thermo-
electrics, [  6  ]  sensing, and biological sciences. [  7  ,  8  ]  Simplicity, low 
cost, and precision in fabrication are some of the important 
factors in the processing of semiconductor nanostructures and 
devices. At each process step, nanometer or sub-nanometer 
scale fabrication precision and control is necessary for several 
nanodevices/structures. III–V semiconductors are widely used 
for a variety of electronic and optoelectronic devices. Hence, 
there is substantial research effort on these materials and 
device technologies to improve device performance and/or to 
provide new functionality by utilizing nanostructures. In addi-
tion, as projected by the International Technology Roadmap for 
Semiconductors (ITRS 2011) III–V materials are attractive for 
emerging and future technology. For example, III–V materials 
are attractive candidates for the high mobility channel layers in 
future high speed and low-power electronic components. [  9  ]  

 Metal organic vapor phase epitaxy (MOVPE) and molec-
ular beam epitaxy (MBE) are epitaxial growth techniques that 
have atomic layer precision for growth of III–V layers. Precise 
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control over layer thickness, material mole 
fraction and dopant concentration is a key 
factor for devices such as high electron 
mobility transistors (HEMTs), [  10  ]  nanowire 
fi eld effect transistors (NWSFETs), [  11  ]  
quantum well or quantum dot lasers. [  12  ,  13  ]  
Top-down processing steps, e.g. patterning 
and dry etching, are very common in the 
fabrication of these devices. However, sur-
face damage during fabrication and limita-
tions on fabrication accuracy affect device 
performance adversely. In both top-down 
and bottom-up fabrication of III–V semi-
conductor nanopillar/nanowire devices, 
signifi cant effort is required to control 
nanowire morphology and size. In addi-
tion, non-radiative surface recombination has to be minimized, 
and new methods for surface passivation are continually being 
developed. [  14  ,  15  ]  As with electronic devices, the physical size, 
material properties, fabrication precision, and the quality of the 
structures are also deciding factors in many photonic devices. 
For example, sub-nanometer deviation in hole size and/or posi-
tion are known to affect the resonance position of photonic 
crystal cavities, [  16  ]  and precise modifi cation of the fabricated 
structure to tune cavity resonance(s) is often necessary. [  17  ]  

 Techniques capable of removing material with monolayer 
precision are as important as material growth to realize best 
device performances. Such techniques can be employed in a 
novel way for controlled sculpting of fabricated (top-down or 
bottom-up) nanostructures to obtain new shapes and topologies 
of nanostructures. In addition, physical dimensions of struc-
tures can be reduced beyond what is possible with a given fab-
rication technique. For example, using top down approaches, 
fabrication of structures with lateral dimensions of one to few 
tens of nanometers requires high resolution lithography and 
highly resistant masks. Lastly, the surface damage induced by 
dry etching will have a dominant infl uence on their electrical 
and optical properties. Conventional photolithography in com-
bination with dilute wet chemical etching has been used to 
fabricate InP and GaAs nanowires. [  18  ]  However, the side-walls 
were reported to be rough, which could adversely affect their 
electrical and optical properties. [  18  ]  In general, with conven-
tional wet and dry etching methods it is very diffi cult to achieve 
atomic layer control. A two-step chemical etching technique, 
called digital etching, has been used for nanoscale etching. This 
technique typically involves self-limiting oxidation of the mate-
rial and subsequent removal of the formed oxide layer, [  19  ,  20  ]  and 
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     Figure  1 .     Etching of InP in S-OA solution: a) dependence of etch-rate on sulfur concentration. 
2 h etching at 95  ° C for all samples. b) Etch depth as a function of etch time at constant tem-
perature and concentration. c) Etch rate vs. temperature and d) the corresponding Arrhenius 
plot. The activation energy calculated from the slope of the fi tted line is 83 meV.  
have been developed for GaAs, [  20  ]  Si, [  21  ]  and 
InP. [  22  ]  By sequential repetition of the oxida-
tion and oxide-removal cycle, the material 
can be removed in a controlled way. However, 
this approach is cumbersome if several layers 
of the material have to be removed. Etching 
with monolayer control diamond [  23  ]  and 
InP [  24  ]  using hydrogen plasma and Ne ion 
irradiation, respectively, has been reported. 
Mostly, such processes have low throughput, 
high cost and can cause surface damage due 
to ion bombardment. Surface passivation is 
critical for several devices, irrespective of the 
method, and is often a separate process step. 
Thus, it would be a distinct advantage if the 
same process used for high precision etching 
can simultaneously provide effective surface 
passivation. 

 Here, we report, for fi rst time, a novel 
single step chemical etching process based 
on dissolving sulfur in oleylamine (OA). The 
process is applicable for several III–V mate-
rials, provides highly controlled etch-rates, 
and simultaneously passivates the surface. 
The applications of this process are prima-
rily demonstrated in the InP-based mate-
rials; although, other materials such as GaAs, 
InAs, InSb, and GaP are also investigated. A 
striking illustration is the etching of an epi-
taxial (100) InP wafer, wherein the monolayer 

(ML) steps are still retained even after removing 50 nm of the 
material. Using this process, we demonstrate high precision 
sculpting of InP-based nanostructures to obtain high optical 
quality nanomesh structures and high aspect ratio nanopillars. 
In addition, we show that the simultaneous surface passivation 
obtained with the etch process provides signifi cant enhance-
ment in the photoluminescence intensities of InP and GaAs. 
The fi ndings are potentially interesting for III–V nanostructures 
and associated devices, gate recess etching of III–V based elec-
tronic devices such as HEMTs, fi ne tuning of resonant optical 
structures, and generation of new nanostructure topologies.   

 2. Results and Discussion 

 We have used a chemical solution prepared by dissolution of 
sulfur in OA, a primary amine, for etching as well as for pas-
sivation. Hereafter, we will refer to this solution as S—OA solu-
tion. Organic polysulfi des (as a reaction of S and OA) formed 
in the solution with an amine chain could bind to the surface 
forming a fi lm. Consequently, etching can occur in an inverse 
epitaxial manner, and sulfur could act to passivate the surface. 
Primary amines (R-NH 2 ) have been used to form self-assembled 
monolayers (SAMs) on metals and semiconductors. [  25  ]  Passiva-
tion using ammonium and sodium sulphides, [  26  ]  and SAMs of 
alkanthiols [  27–30  ]  have been extensively investigated for passiva-
tion of III–V semiconductors such as InP and GaAs. Recently, 
other approaches derived from solution chemistry used for 
quantum dot synthesis have also been used. [  31  ,  32  ]    
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1620–1627
 Figure 1   shows the measured etch characteristics of the 
S—OA solution (depth and rate) for InP as a function of dif-
ferent etch-parameters. As shown in Figure  1 a, the etch rate 
increases linearly with sulfur concentration in the S—OA solu-
tion. This clearly indicates that the chemical products resulting 
from the reaction between sulfur and oleylamine are respon-
sible for etching. A linear relation of the etch depth with etch 
(treatment) duration is observed, as shown in Figure  1 b, con-
fi rming that the process is rate limited. The etch depth can be 
varied from very low (few nanometers) to over 100 nm by var-
ying the etch duration, using a 1.5% sulfur solution at a fi xed 
temperature. The surface morphology, as measured by atomic 
force microscopy (AFM), remains very smooth, even after 5 h of 
etching time, with rms. roughness comparable to the untreated 
surface. The temperature dependence of the etch rate is inves-
tigated using 1.5% sulfur solution, keeping the etch time fi xed 
(2 h). For these experiments separate solutions were prepared 
at 70–75  ° C. For treatment at lower temperatures, the solu-
tion is cooled to the designated temperature and maintained 
at that temperature for 2 h. As shown in Figure  1 c, the etch 
rate is thermally activated, typical for rate-limiting processes, 
and varies exponentially with temperature. The corresponding 
Arrhenius plot is shown on Figure  1 d, and the determined acti-
vation energy  E  a  for the reaction is 83 meV. To verify the appli-
cability of this etch-process for other binary III–V semiconduc-
tors, preliminary experiments on GaP, GaAs, InAs, and InSb 
were made at 94  ° C using a 1.5% sulfur solution. The results 
are shown in the Supporting Information (Figure S1). Etch 
rate for InSb was highest,  ≈ 3 nm/min, while for GaP it was 
1621wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     AFM images showing the surface morphology of (100) InP (epitaxial) samples (scan size: 5  ×  5  μ m 2 ): a) as-grown epitaxial surface, b) after 
etching 2 nm (5 min), c) after 11 nm etching (30 min), and d) after etching 55 nm (135 min). e) AFM topography on a 5  ×  5  μ m 2  area of a patterned 
epitaxial InP sample showing the steps and its continuity on the etched and unetched regions. The irregularities/roughness at the border between 
the etched and unetched regions is due to irregularities in the mask-defi nition processes. f) Schematic illustration of the step by step etching which 
maintains the epitaxial step fl ow morphology: i) surface with step fl ow before etching and ii,iii) after etching one and three monolayers, respectively.   
0.03 nm/min; intermediate values were obtained for InAs 
(1.8 nm/min), InP (0.4 nm/min) and GaAs (0.1 nm/min). 
These results show the expected trend with the bond strengths 
of the materials. A detailed investigation is necessary for a com-
prehensive analysis of etching of these materials, and is beyond 
the scope of the present work.  

 The morphologies of the etched InP surfaces were also inves-
tigated by AFM. Although, higher etch rates could be obtained 
at higher S-concentration and/or temperature, in terms of sur-
face morphology the best results were obtained with 1.5% S 
solution at 90–100  ° C. Under these conditions, etch-rates were 
in the range of 0.25–0.5 nm/min. Remarkably, the epitaxially 
grown InP surfaces maintain their step-fl ow morphology as 
the samples are progressively etched. This is clearly visible on 
the representative AFM images of the as-grown and the etched 
sample surfaces displayed on  Figure    2  a–d. These results illus-
trate a novel atomic layer etching process, wherein the step 
fl ow morphology could be observed for as much as  ≈ 55 nm of 
etching. AFM topography (representative) of a patterned epi-
taxial sample also shows the ML steps on the un-etched and the 
etched regions (Figure  2 e). The ML steps appear continuous, 
which strongly indicates that the etching occurs predominantly 
from the top surface and the etch-front propagates without 
degradation of the atomic layer steps. The results were similar 
in other regions of the sample, and in larger scanned areas 
( ≈ 100  μ m 2 ). The above observations suggest the formation of a 
highly uniform etchant layer, similar to SAM, on the surface. A 
schematic illustration for this monolayer by monolayer etching 
process is shown on Figure  2 f. Here, we comment that the 
apparent difference in the step directions between AFM images 
(Figure  2 a–d) is due to different orientations of the AFM scan 
direction with respect to the crystal axes.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 The above results argue that the observed etching is just the 
inverse of epitaxial growth, etching InP layer by layer. X-ray 
photoemission spectroscopy (XPS) analysis of the treated sam-
ples indicates the presence of inorganic sulfi des possibly being 
attached to Indium, and organic sulfi des attached to carbona-
ceous materials (details are given in the Supporting Informa-
tion Figure S2,S3). A possible explanation for the observed 
layer by layer etching could be that alkyl ammonium poly 
sulfi des initially adsorb on the InP surface, and bond to indium 
or phosphorous. The bonded sulfur can bridge the In-P bond 
to form InPS 4 , which dissolves in the solution; thus, the layer 
is removed and the reaction continues for the next layer. Maeda 
et al. [  33  ]  have shown the same mechanism with synchrotron 
radiation photoelectron spectroscopy analysis of ammonium 
polysulfi de treated InP, where the presence of indium and phos-
phorus polysulfi des on the surface confi rms sulfur binding to 
both In and P. Although, higher etch rates can be obtained with 
higher S-concentrations and/or at higher temperatures, solu-
tions with 1.5% S concentration at 90–100  ° C have reasonable 
etch rates (0.25–0.5 nm/min) while maintaining the epitaxial 
morphology. The latter etch characteristics are appropriate for 
controlled etching of nanostructures and removal of layers as 
per device requirements, without introducing defects. In the 
following, we present representative demonstrator applications 
of this etch process for sculpting pre-fabricated nanostructures 
and surface passivation. 

 Line patterns, typically 200 nm wide, made by e-beam litho-
graphy were transferred to a SiO2 layer (mask) on (100) InP sub-
strates. These were etched at 98  ° C using a 1.5% S solution, and 
reveal well defi ned etch-profi les with a height of 125 nm (Sup-
porting Information, Figure S4). The cross-sectional profi le of 
the gratings can be changed from over-cut to under-cut profi les 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1620–1627
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     Figure  3 .     SEM images of representative suspended nanowires mesh samples, fabricated by reshaping circular air holes in InGaAsP membrane: 
a) as-fabricated structure showing the circular holes; period 420 nm and diameter 300 nm and b,c) top-views of reshaped nanowire meshes after treat-
ment with 1.5% S solution for 1.5 h at 92  ° C. The orientation of the patterns shown in (b,c) are orthogonal, and perpendicular to the {110} cleavage 
planes. The inset in (c) shows that the same pattern after 2 h treatment. d) Optical microscope image showing the region of the sample used for PL 
measurements. The corresponding spatial PL map and the SEM cross-section of the nanowire mesh are included as insets. e) PL spectra at points 1 
and 2 indicated on the inset in (d). f) Comparison of PL from the InGaAsP (bulk) layer, outside the membrane, before and after treatment using 1.5% S 
solution for 1.5 h at 92  ° C. g) Normalized PL spectra at 77 K of the suspended InGaAsP nanowire mesh for different treatment (etching) durations.   
by appropriately orienting the pattern with respect to the crystal 
axes. The smooth surface morphology along different crystallo-
graphic planes can be used for fabrication of high quality grat-
ings for distributed feedback (DFB) lasers. To investigate the 
crystallographic orientation dependence on the etch process, cir-
cular holes were fabricated in (100) InP substrates using electron 
beam lithography and dry etching. The rhombus shape of the 
hole after etching with the S—OA solution reveals the {110} etch 
planes (Supporting Information Figure S4). The etch rate in the 
[100] direction is 1.5 times faster compared to [110] with experi-
mentally measured values of 0.42 nm/min and 0.27 nm/min, 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1620–1627
respectively. This anisotropic etching together with the highly 
controlled etch-rates, can be used to modify the shape of fabri-
cated nanostructures. One example, discussed below, is that of 
a thin perforated membrane (here, GaInAsP). 

 The fabricated membranes with nanoholes having different 
spacings and diameters were treated with 1.5% sulfur solution 
(at 98  ° C for 2 h), and subsequently rinsed thoroughly with iso-
propanol. For these experiments, we have chosen a triangular 
lattice of holes etched into GaInAsP/InP ( Figure    3  a). Other 
starting patterns are also possible, but are not investigated 
here. Using the anisotropic property of etching, the (dielectric) 
1623wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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InGaAsP veins can be made thinner while being connected in a 
two-dimensional network or under appropriate conditions can 
form disconnected single zig-zag or wavy nanowires. Different 
structures with very smooth surface morphologies were real-
ized. Representative structures are shown in Figure  3 b,c. The 
obtained shapes are consistent with anisotropic etching along 
the different crystal planes. Notably, the lateral dimensions 
could be reduced signifi cantly, and GaInAsP veins as thin as 
30 nm were obtained. In the vertical direction, the veins are still 
about 200 nm thick (originally 250 nm). With prolonged etching 
of the structures, such as those shown in Figure  3 b, the sharp 
or pointy areas of contact can disappear altogether and entire 
zig-zag wires can be obtained. Preliminary experiments indeed 
show that generation of such free wires (appreciably long, 
 ≈ 80  μ m) is possible (Supporting Information Figure S5). Simi-
larly, other geometries of long nanowires are also in principle 
achievable. Using a starting pattern of 1D slots in the mem-
brane, straight nanowires with lateral dimensions  ≈ 20 nm were 
obtained (Supporting Information Figure S6). Both approaches 
can be applied to fabricate in-plane single wire devices.  

 PL measurements were performed using a  μ -PL set-up. 
An Ar laser (514 nm) was used as the excitation source, and 
the typical excitation spot size was  ≈ 2  μ m. The PL spectra 
measured from the structures (Figure  3 b,c) show a small, 
a few nanometers, blue shift compared to the same pattern 
(untreated) on InGaAsP membrane or to the unpatterned por-
tion of the membrane. The observed blue shift is attributed to 
lateral size reduction of the GaInAsP veins. Such a blue shift 
was also seen by PL mapping of the sample and the results 
are shown on Figure  3 d,e. In addition to the wavelength shift, 
the data of Figure  3 e shows a clear PL enhancement, despite 
the reduction of GaInAsP layer thickness from 250 to 200 nm. 
Similar PL enhancement (Figure  3 f) is observed for the (bulk) 
GaInAsP layer in unpatterned region, suffi ciently far away 
from the membrane. The above observations support simul-
taneous passivation of the GaInAsP surfaces. The PL spectra 
of a given patterned membrane structure, measured after dif-
ferent intervals of etching time show systematic shifts towards 
higher energies as the lateral dimensions reduce with etch time 
(Figure  3 g). Since vertical dimension of the wire is  ≈ 200 nm, 
large blue shifts in PL peak position are not expected. Thus, in 
a controllable manner fabricated nanostructures can be modi-
fi ed in size and shape, and simultaneous surface passivation is 
viable. Although, the results presented above are for GaInAsP, 
the methods are also valid for other III–V material combina-
tions for which membranes in a chosen material can be made 
by suitable selective etching. 

 Nanopillars fabricated by colloidal lithography and induc-
tively coupled plasma reactive ion etching (ICP-RIE), [  34  ,  35  ]  after 
treatment in S—OA solution reveal very smooth surfaces. The 
treatment conditions can be chosen to passivate the nanopillars 
surface with controlled reduction of their size or with minimal 
change in their geometrical parameters.  Figure    4  a,b show a 
comparison of ICP-RIE etched InP nanopillar arrays before 
and after S—OA treatment, clearly demonstrating lateral size 
reduction without alteration of their heights. Being spherical, 
the colloidal silica (mask) particle has a small contact area at the 
top surface of the pillar. Under this area, etching in the vertical 
direction is prevented. However, the lateral etching reduces the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
diameter in a very controlled manner. In Figure  4 b, it can be 
seen that the remnant colloidal mask particles become promi-
nent as the nanopillars become thinner. The silica particle 
shows no measurable change in the silica particle size/shape, 
which indicates that SiO 2  is a highly selective etch-mask. The 
observed variation in the nanowire diameters is due to size the 
distribution of the colloidal silica mask particles, and is respon-
sible for the broadening of the PL spectra for the size reduced 
InP and InGaAsP/InP QW nanowires. Notably, as shown in 
Figure  4 c, nanopillars with diameters as narrow as 20 nm can 
be obtained (see also, Supporting Information Figure S7,S8). 
Since the pillar heights are  ≈ 1  μ m, this corresponds to an 
aspect ratio of  ≈ 50 that is indeed remarkable for any top-down 
fabricated III–V nanostructure. Here, we stress that nanopil-
lars treated with only oleylamine under the same temperature 
ranges and durations show neither measurable etching nor 
enhancement in PL. However, in striking contrast the nanopil-
lars treated with the S—OA solution show a clear size reduction 
(Supporting Information Figure S9). These observations, once 
again confi rm that the etching is due to the reaction products of 
S and OA, and not due to OA or impurities in it.  

 Normalized PL spectra (at 77 K) for the as-grown refer-
ence, as-etched, and size-reduced InP and InGaAsP/InP QW 
nanowires arrays are shown in Figure  4 c,d, respectively. As 
expected, for the as-etched InP nanopillars array no PL shifts 
were observed since their diameters are appreciably large 
( >  100 nm). As for the QW pillar arrays (Figure  4 d), the PL spectra 
are rather broad compared to the reference sample. Moreover, 
similar broadening of the PL spectra was observed for the as-
etched QW nanopillars, which is attributed to variation in QW 
thickness and/or its composition. [  34  ]  Both InP (Figure  4 c) and 
InGaAsP/InP QW (Figure  4 d) size reduced nanopillars show 
broadened PL spectra with modest shifts of 18 and 15 meV in 
the peak positions, respectively, towards higher energies due to 
size reduction. In both cases, the lateral size variation of the 
wires from 20–50 nm contributes to the broadening of the 
respective PL peaks. Additional contribution to the broadening 
from composition/thickness variations in the QW pillars may 
be expected. Good optical properties of these wires are sup-
ported by the HRTEM data shown on Figure  4 e,f for the size 
reduced InP and GaInAsP/InP QW pillars, respectively. The 
images show that high crystalline quality is maintained in the 
nanowires with a thin ( ≈ 2 nm) amorphous surface layer. 
Following the XPS analysis of blank samples treated under 
similar conditions (Supporting Information, Figure S2,S3), it is 
reasonable to assume that sulphides formed by the reaction are 
present on the surface. 

 Results discussed earlier show that simultaneous passivation 
is possible with S—OA solution (Figure  3 e,f). Here, a similar 
procedure was applied, but, with negligible etching to passi-
vate GaAs and InP. As seen in  Figure    5  a, nominally undoped 
epitaxial GaAs treated with S—OA solution shows a dramatic 
increase in PL intensity, 12 times higher, after treatment. How-
ever, with undoped epitaxial InP showed only modest increase 
in PL intensity was obtained. As for InP epilayers, lower sur-
face recombination velocities could be the reason for the lower 
enhancement compared to GaAs. The etched InP nanopillar 
arrays (Figure  4 a) have a low band-gap InGaAs layer which is a 
carrier sink; thus, making the PL intensity less sensitive to the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1620–1627
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     Figure  4 .     SEM images of InP nanopillar arrays fabricated by colloidal lithography and ICP-RIE etching: a) as etched and b) after size (diameter) reduc-
tion using the S—OA solution. In both cases, the silica (mask) particle is retained at the top. The fabricated InP/InGaAsP QW pillar arrays are also 
similar. c) Magnifi ed view of a size reduced pillar sample showing that diameters as small as 20 nm (aspect ratio  ≈  50) is achievable. PL spectra of the 
as-etched, the size reduced nanowires, and the as-grown epitaxial (reference) samples: d) InP and e) InGaAsP/InP QW nanopillars. HRTEM analysis 
of size reduced nanowires showing lattice image and corresponding diffraction patterns for (100): f) InP and g) InGaAsP/InP at the interface region, 
showing smooth etching at the interface.   
effect of passivation. [  34  ]  Therefore, to test the effect of passiva-
tion, nanopillar arrays using 150 nm SiO 2  particles as masks 
were fabricated on InP substrates by ICP-RIE using Ar/CH 4 /
H 2 /Cl 2  etch chemistry. [  35  ]  The fabricated pillars are also nar-
rower (inset of Figure  5 b),  ≈ 50 nm in diameter, and surface 
damage higher. This sample treated at  ≈ 75  ° C in S—OA solution 
for 1 h so as to have negligible etching, exhibited a signifi cant 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1620–1627
increase in PL-yield up to 14 times (Figure  5 b). This indicates 
the effect of surface passivation and is supported by XPS results 
on InP treated with S—OA solution (Supporting Information 
Figure S2,S3), which show a dramatic reduction in oxygen and the 
presence of inorganic sulphides. Thus, these experiments suggest 
that the S—OA solution can be used separately for passivating 
III–V surfaces in nano- and micro/macrodevice structures.    
1625wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     Passivation effect measured by PL yield from: a) GaAs epilayer before and after pas-
sivation and b) InP nanopillars before and after passivation. The inset shows a SEM image of 
the nanopillars.  
 3. Conclusions 

 Our results, focusing on InP-based materials, demonstrate a 
unique monolayer etching process based on sulfur-oleylamine 
solution that etches without degradation of atomic layer steps. 
A systematic study was conducted for controlled etching of InP 
and InP-based heterostructures. The results show that etching 
with a 1.5% S solution in a temperature range of 90–100  ° C pro-
vides the optimal conditions for maintaining the step-fl ow mor-
phology. The etching was found to be rate-limited and shows a 
clear anisotropy due to crystallographic orientation dependent 
etch-rates. This facile etching technique not only passivates the 
surfaces, but also improves the surface morphology of nano/
microstructures. By applying this etch process to InP-based 
nano/microstructures fabricated using conventional top-down 
methods, high optical quality nanowires with high aspect ratios 
( > 50) and new nanostructure geometries such as nanomesh 
structures and suspended (straight and zig-zag) nanowires are 
demonstrated. The fi ndings are potentially interesting for III–V 
nanostructures and associated devices, fi ne tuning of resonant 
optical structures, generation of new nanostructure topolo-
gies, and for gate recess etching of electronic devices such as 
HEMTs. Although, the major focus is on InP-based materials, 
the results are applicable to other III–V materials such as GaAs, 
InAs, InSb and GaP, and associated device technologies.   

 4. Experimental Section  
 Etchant Preparation, Materials, and Etching conditions : Micropatterns 

generated by photolithography were transferred into a SiO 2  fi lm on InP 
and used to measure the etch-depths. The etch-depth measurements 
were performed using a Dimension 3000 AFM with the unetched surface 
(obtained after removing the protecting mask) as the reference. The etch 
solution was prepared by dissolving sulfur in commercially available 
OA (technical grade,  ≥ 70% (GC) from Sigma Aldrich). Solutions with 
different concentrations were prepared by dissolving 0.05, 0.5, 0.15, 0.3, 
0.5 and 1.0 g of sulfur in 10 mL of oleylamine to get.05%, 0.5%, 1.5%, 
3%, 5% and 10% sulfur solution in oleylamine (S—OA), respectively. 
Typical dissolution time of  ≈ 1–3% sulfur in oleylamine at 70–75  ° C was 
1 h. The sulfur concentration in the S—OA solution was varied from 
0.05% to 10% while the process temperature and duration were fi xed 
at 92  ° C and 2 h, respectively. To study effect of etch time, the samples 
were treated at 98  ° C with a 1.5% S solution for varying durations, from 
7 to 300 min. The temperature dependence of etch rate was investigated 
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in the range from 50 to 125  ° C using with a 1.5% 
S solution and for a fi xed duration of 2 h at each 
temperature. To study the evolution of the etched 
surface morphology of epitaxial (100) InP wafers 
(grown by MOVPE), the samples were etched at 
98  ° C in a 1.5% S solution for different durations 
ranging from 5–135 min. Patterned samples, etched 
together with the epitaxial samples, were used to 
determine the etch-depth. Comparison of etching 
of other binary III–Vs such as GaAs, InSb, InAs and 
GaP was also investigated at 94  ° C for 2 h using a 
1.5% S solution.  

 Fabrication of Suspended Nanomesh Structures:  
The basic InP-based epitaxial structures were grown 
by MOVPE. Line-patterns (1D gratings) and hole-
patterns were generated by electron-beam (e-beam) 
lithography. The suspended GaInAsP nanomesh 
structures were made from epitaxially grown 
InP(10 nm)/GaInAsP(250 nm) lattice matched to 
InP grown on InP substrate. The process steps involved deposition of 
260 nm thick layer of silicon-di-oxide and e-beam lithography, followed 
by pattern transfer into SiO 2  layer using CHF 3  based reactive ion etching 
(RIE). The samples were then etched to  ≈ 2  μ m using Ar/Cl 2  chemically 
assisted ion beam etching (CAIBE) and subsequently treated with 
50% HF for 1 min to remove the SiO 2  mask. Using 1 HCl:2 H 2 O, 
suspended GaInAsP (patterned) membranes were then obtained by 
selectively removing InP beneath it. The generated air-gap below the 
membrane was typically  > 2  μ m. 

  Nanopillar Array Fabrication:  The nanopillar/wire arrays were fabricated 
using a combination of self-assembly of colloidal silica particles for 
masking and dry etching. The InP nanopillars were fabricated in a 
1  μ m thick epitaxially grown InP on a 300 nm InGaAs (lattice matched 
to InP). For the fabrication of the QW nanopillars, a 20 nm InGaAsP QW 
(GaInAsP lattice matched to InP;  λ  gap   =  1.22  μ m) between two 200 nm 
thick InP barrier layers was used. The fabrication steps involved spin 
coating of the samples with 500 nm diameter (colloidal lithography) SiO 2  
particles, size reduction of the particles by plasma etching, and fi nally 
dry etching using ICP-RIE with CH 4 /H 2 /Cl 2  chemistry. [  34  ]  Depending on 
the required size, the pillars were etched for different durations ranging 
from 60–110 min at 92  ° C using 1.5% S solution. After treatment, the 
samples were rinsed in isopropanol and blow-dried using nitrogen. 

  Characterization Methods : Surface morphology and etch-depth 
measurements were performed by a Dim 3000 atomic force microscope 
operated in tapping mode using commercial Si probes from Nanosensors 
GmBH. The geometrical parameters of the fabricated nanostructures, 
including side-wall surface morphology, were determined by high resolution 
scanning electron microscopy (SEM).  μ -photoluminescence (PL) 
measurements including mapping PL were performed using a Lab-RAM 
system from HORIBA Jobin-Yvon. Argon laser with excitation wavelength 
of 514 nm and a spot size of about 2  μ m was used. Transmission electron 
microscopy (TEM) analysis was performed using a JEM-2001 (JOEL) fi eld 
emission transmission electron microscope working at 200 keV. The size 
reduced InP nanowires were released from substrate by selectively etching 
the InGaAs sacrifi cial layer whereas the QW nanowires were gently 
scratched from InP substrate. The wires were suspended in isopropanol 
and dispersed on copper grids for TEM analysis.   
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