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We report on the dynamics of in situ etching of nanowires using an etching agent which allows for
parameter optimization for nanowire synthesis without concerns of tapering issues. Upon etching of
InP nanowires using HCl it is found that HCl mainly reacts with the precursor TMI, its decomposition spe-
cies, and physisorbed In. The reaction with solid InP is less rapid and diffusion limited. We find a gas-
phase etch process which is metal assisted and has a high aspect ratio of 1:100.
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1. Introduction

Semiconductor nanowires [1–3] (NWs) have emerged as prom-
ising building blocks for nanoelectronics [4], offering to integrate
high performance III–V materials with silicon [5]. A great challenge
is to create NWs with high purity, and which are uniform in length
and diameter. We have recently shown that in situ etching allows
for total control over axial and radial NW growth rates [6]. This al-
lows to optimize a number of parameters for NW synthesis such as
growth rate [7], temperature [8–10], and input V/III ratio [9–11],
without concerns of tapering. We report the dynamics of in situ
InP NW etching by use of hydrogen chloride (HCl) after growth,
and compare the results to those obtained during growth [6]. A
gas-phase metal assisted etch process is found with a high aspect
ratio of 1:100. Etching of nanostructures in a metalorganic va-
por-phase epitaxy (MOVPE) system allows temperature and con-
centration dependent studies over a wider parameter range as
compared to metal-assisted wet etching [12]. We have previously
identified three mechanisms that could result in constant NW
diameter over a defined HCl parameter space for etching during
growth [6]: (1) selectivity of the process due to the original NW
side facets having a lower surface free energy than those formed
during sidewall growth (2) desorption of InCl from the NW side
facets being rate limiting [13]. (3) Indium species physisorbed on
the side facets being more vulnerable to Cl attack, as compared
to chemisorbed In situated within the core of the NW formed dur-
ing axial growth. In the following, we will falsify two and indicate
the most probable of the proposed hypothesis by etch experiments
after growth where only chemisorbed species, and In dissolved in
the Au particle are involved in the reaction.
ll rights reserved.
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2. Experiment

InP NWs were grown on n-type InP (1 1 1)B substrates in the
particle assisted growth mode using 80 nm monodisperse and
randomly distributed gold aerosol particles in a density of 0.5 �
108 cm�2 as seeds [14]. Trimethylindium (TMI) and, phosphine
(PH3) were used as precursors with molar fractions of vTMI =
18.9 � 10�6 and vPH3 = 6.25 � 10�3, in a total flow of 6 l/min using
H2 as carrier gas. The NWs were grown at 450 �C for 15 min after
an annealing step at 550 �C. For non-tapered NW growth, HCl
was added in a molar fraction of vHCL = 20 � 10�6. The etch exper-
iments after growth were carried out in PH3/H2 to prevent rapid
dissolution of the NWs by P desorption [15]. For the vHCL depen-
dent experiments (0 < vHCL < 50.0 � 10�6) the NWs were etched
for 5 min at 450 �C directly after growth. For temperature depen-
dent experiments, the temperature was set to 410 �C < T < 530 �C.
Upon reaching the temperature, it was stabilized for 1 min. Then
in situ etching was carried out for 5 min using vHCl = 8 � 10�6, after
which HCl was switched off and the samples were cooled down in
PH3/H2. NWs were also grown and annealed for the duration of the
etch time in PH3/H2 (HCl switched off) at the corresponding tem-
peratures to deduce any influence of the annealing on NW dimen-
sions. The NWs were characterized by scanning electron
microscopy (SEM). Etch rates were obtained from the difference
in length and radius of etched NWs and that of the reference
NWs, evaluated using the image processing software Nanodim
[16], divided by the etch time.
3. Results and discussion

Figure 1a shows reference NWs, which are about 450 nm in
diameter just above the thick base. This corresponds to a radial
growth rate of about 0.6 nm/s assuming a linear dependence of
the shell thickness with respect to growth time [9]. Figure 1b
shows the effect of etching after growth on the morphology of
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Figure 1. SEM images of (a) reference NW (b) NW etched after growth for 5 min at
450 �C with vHCL = 33 � 10�6. The scale bars are 1 lm.

Figure 3. Temperature dependent experiments. (a) Linear plot of the radial etch
rate as a function of inverse temperature. The vHCL was set to 8 � 10�6. (b) Semi
logarithmical Arrhenius plot of the axial etch rate as a function of inverse
temperature. Error bars are standard deviations.
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such tapered NWs. Etched NWs have a similar shape as the refer-
ence NWs with reduced length and diameter, and the NW surface
is smoothened. If differences in NW side facet surface energies
(hypothesis 1) were the reason for the striking perfect non-tapered
growth of the NWs [6], one may argue that the tapering shell on
the NW core should be removable by selective etching also after
growth. Etching after growth does not develop the ‘original’ NW
facets. Thus, hypothesis 1 is discarded.

In order to characterize the axial and radial etch rates without
concern of geometric effects due to tapering we grew non-tapered
NWs, and etched the NWs after growth using varied vHCL and tem-
perature. The vHCL dependent results are plotted in Figure 2. For
low vHCL we observe a significant increase in NW length
(740 nm) as compared to reference NWs. Some of the reaction
products cause the NWs to grow, even though no TMI is supplied.
In Figure 2d this is visible as a negative etch rate. For higher vHCL

we observe a seemingly linear increase in radial as well as axial
etch rate with vHCL, which indicates that the process is diffusion
limited. This is in contrast to previous results on in situ etching
of InP thin films by HCl [17,13] where InCl desorption was found
to be the rate limiting step. This might find its explanation in the
relatively low vHCL used here. The etch rate is proportional to vHCL,
which suggests that the InCl desorption rate is similar to, or faster
than, the rate of formation. Thus hypothesis 2 (InCl desorption lim-
ited etching) is discarded.

The etched NWs consist of a mixture of zinc blende and wurtz-
ite segments [6]. The partly inhomogeneous radial etching visible
in Figure 2b may be a consequence of etch selectivity between seg-
ments along the NW side facets. The radial etch rate (the average
etch rate over the NW, excluding the top and bottom 20%) is about
0.05 nm/s at vHCL = 30 � 10�6, a molar fraction which for etching
during growth results in taper free NWs [6]. By comparison with
the estimated radial growth rate leading to tapering (0.6 nm/s) it
is clear that the etch rate of chemisorbed species is not sufficient
to remove tapering occurring during growth. This strongly
supports hypothesis 3: In adatoms sitting in a configuration with
looser bonding structure and In-related decomposition species
Figure 2. SEM images of (a) reference NW, (b) NW etched after growth for 5 min
with vHCL = 33 � 10�6, (c) radial etch rate after growth as a function of vHCL, and (d)
axial etch rate after growth as a function of vHCL. The lines are linear fits to the data,
excluding to value at vHCL = 0 for the axial etch rate. Scale bars are 1 lm. Error bars
are standard deviations.
(that exist only in etching experiments during growth) are more
easily chlorinated than In in solid InP.

The axial etch rate is about a factor 100 more rapid than the
radial etch rate with a high anisotropy as compared to other means
of etching [18]. This may suggest that there is a kinetic limitation
to the process. Note that unlike normal metal-assisted etching,
the etchant is a gas instead of a liquid, and the metal is liquid
rather than a solid.

In order to assess the kinetics of the process, temperature
dependent experiments were carried out. The radial etch rate,
shown in the linear plot of Figure 3a, increases with temperature
but is not straightforward to analyze quantitatively due to the rel-
atively large error bars caused by the limited NW diameter and
slight variations in NW diameter. By extrapolating the data of
Agnello and Ghandhi [13] to 500 �C and compensating the etch rate
by the difference in vHCL, an etch rate of 0.06 nm/s is obtained,
which is slightly higher than the radial etch rates we observe
(�0.02 nm/s). Strikingly, the axial etch rate is about 100 times
more rapid, even though the InP (1 1 1)B etch rate is expected to
be lower than that of InP (0 0 1) [17].

The data for the axial etch rate is shown in the Arrhenius plot of
Figure 3b, and suggests a kinetic barrier of 28 kJ/mol. Agnello and
Ghandhi found an activation barrier for in situ etching of InP (0 0 1)
by HCl at temperatures <625 �C to be 86 kJ/mol and >625 �C to be
28 kJ/mol [13]. The rate limiting step at low temperature was
related to InCl desorption. At this point we do not fully understand
the low activation energy observed in our low temperature experi-
ments. It may indicate that InCl desorption in the presence of the
Au particle alloy is different from that on InP. We note however that
vHCL is relatively low [17] in our experiments and InCl desorption
will not be rate limiting if occurring at the same speed or faster than
InCl formation.

We speculate that the reason for the strong anisotropic etching
can be found in that In dissolved in the liquid alloy particle is chlo-
rinated more easily than chemisorbed In. Au reacts strongly with
InP even down to room temperature [19] until the thermodynam-
ically defined equilibrium phase is reached [20]. As a consequence,
In depletion from the Au particle alloy via chlorination creates a
driving force for dissolving In from the NW/Au-interface into the
particle. We cannot rule out that HCl reacts with P at the InP
(1 1 1)B-NW/Au interface to synergistically enhance the reaction.

4. Summary

We conclude that the etching after growth is fundamentally
different from during growth. For etching during growth, HCl
reacts with indium based species (TMI, dimethylindium, monome-
thylindium, and physisorbed indium). For etching after growth,
chemisorbed species, and In dissolved in the Au particle are
involved in the reaction. The reaction products contribute to NW
growth. The presence of the Au alloy particle induces a strongly
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anisotropic etching with an aspect ratio of 1:100. The proposed
mechanism is based on removal of indium from the liquid alloy
particle by chlorination, and may be applicable also to other mate-
rials that alloy with Au and can form chlorides.
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