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Abstract. We carried out in-situ annealing of InP Nanowires (NWs) in a metal-
organic vapor phase epitaxial (MOVPE) growth reactor to control and reduce the
tip size of InP NWs. InP NWs were grown by selective-area (SA) MOVPE on
partially masked (111)A InP substrates, and annealing was successively applied in
tertiarybutylphosphine (TBP) ambient. Initially, the InP NWs had a hexagonal cross-
section with {112} facets vertical to the substrates; they became tapered, and the edges
were rounded by annealing. By appropriately selecting the annealing temperature and
initial NW diameter, the tip size of the NW was reduced and NWs with a tip size
of 20nm were successfully formed. Subsequently, a thin InAsP layer was grown on
the annealed NWs and their photoluminescence was investigated at low temperatures.
The characterization results indicated the formation of InAsP quantum dots (QDs)
emitting in the telecom band. Our approach is useful for reducing the size of the NWs
and for the controlled formation of InAsP QDs embedded in InP NWs in photonic
devices compatible with telecom bands.

1. Introduction

Semiconductor nanowires (NWs) formed using bottom-up crystal growth techniques
have attracted considerable interest because of their unique properties and potential
for various applications in electronic [1-4] and photonic devices [5-7], and quantum
information processing [8,9]. In particular, InP-based heterostructured NWs are
promising for photonic devices, because they have a direct band gap compatible with the
telecom band [10,11]. NW devices operating in telecom bands, such as light-emitting
diodes [12,13] and lasers [14] have been fabricated using InAsP/InP heterostructures in
NWs.

The size and shape of NWs significantly influence their electronic and optical
properties, such as quantum confinement [15], emission properties [16-19], and lasing
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properties [20-22], and so on. Regarding the lateral quantum confinement for realizing a
one-dimensional electron system, the required diameter of the NWs should be less than
20 nm for InP-based NWs as well as GaAs-based NWs [15]. These requirements hold for
three-dimensional quantum-confined structures, namely, quantum dots (QDs) in NWs
(NW-QDs). Thus, if QDs can be formed at the tips of the NWs, the tip diameter of
the NWs should be 20 nm or less. One application of NW-QD is as single [19] and
entangled photon emitters [23,24] and it is important to achieve strong lateral quantum
confinement for reproducible and stable emission from QDs.

The control of the lateral size of NWs and their limitations are dependent on
the NW growth method. For NWs formed via a catalysis-assisted mechanism, the
size of the catalyst determines the diameter of the NWs. Some early studies reported
successful formation and diameter control in ITI-V NWS less than 20 nm via catalysis-
assisted solution or vapor-liquid-solid (VLS) growth [25,26]. However, very few studies
[10,11] have succeeded in forming thin NWs based on epitaxial growth using molecular
beam epitaxy (MBE) and metal-organic vapor-phase epitaxy (MOVPE), although these
are much more suitable and demanded approaches for device applications. This is
presumably due to the difficulty in controlling the size of the catalyst in the epitaxial
growth. In the case of selective-area growth [27-29], the size of the mask hole is the
most critical factor for determining the NW diameter. As an example, we demonstrated
InGaAs NWs with diameters smaller than 40 nm starting with a mask hole size of
30 nm [30]. However, the larger diameter of the grown NWs than the mask opening
indicates the existence of lateral growth on the NW sidewalls, namely, the coexistence
of vertical and axial growth, which some difficulty in accurate control including other
structural parameters of the NW, such as the pitch of the NW array, and the NW length.
Indeed, we introduced a two-step growth method to independently control the density
and size of NWs in [30], and a more systematic study is required to further reduce the
NW size. The only successful realization of InP NWs and InAsP quantum dots with
lateral sizes of less than 20 nm was demonstrated by Dalacu et al. using a combination
of VLS growth and selective-area growth [19,31].

An alternative method to control the diameter of NWs is reverse-reaction growth
or thermal decomposition/etching via post-growth treatment. This was reported for
GaN NWs in Ref. [32] and for MBE-grown GaAs [15,33,34] and InAs NWs [35]. Using
this method, the lateral quantum confinement and its variation with NW size were
successfully confirmed. On the other hand, control of the size by post-growth thermal
treatment has been less attempted [36] for InP-based NWs with their technological
importance as described above. One of the difficulties in the post-growth treatment of
InP is its low congruent evaporation temperature, which is much lower than that of
GaAs [37]. Therefore, more careful and accurate control of the annealing conditions is
required to avoid excess evaporation.

In this study, we attempted the in-situ thermal annealing of InP NWs in a MOVPE
system to control their size. We observed that the NWs were tapered and rounded
after the annealing. This is a result of the mass transport of In from the edges of the
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sidewalls to the tips of the NWs. Depending on the annealing temperature and initial
NW diameter, diffused In contributes to axial growth or evaporation. Tapering and
axial growth on the tip induced size reduction at the tip of the NW. As an application
of this method, we present the results of the growth of InAsP/InP heterostructures
on annealed NWs and demonstrate the formation of InAsP QDs in NWs. While the
formation of QDs in NWs and their optical properties have been reported in many
literature [16-19,23,31,36,38-46], reports on the sharp emission originating from three-
dimensional quantum confinement are limited. In particular, few studies have reported
on the emission of excitons and biexcitons in the telecom C-band (1.53 ~ 1.565 pm) of

QDs formed in NWs. In the present study, we confirmed exciton and biexciton emissions
in the C-band from a single InAsP QD formed in a single InP NW.

2. Experimental Procedure

InP NWs were grown by SA-MOVPE on partially masked InP (111)A substrates
using trymethylindimum (TMIn), tertiarybutylphosphine (TBP), and AsHj as source
materials. After the deposition of an 18 nm-thick SiO; mask on the InP (111)A
substrates, SiOy was partially removed using electron beam (EB) lithography, reactive
ion etching (RIE), and wet chemical etching to form circular openings (diameter dy) in
the mask. The mask opening was arranged to form a triangular array with constant
pitch @ of 1 pum, and we investigated an NW array with dy =110 or 180 nm. SA-
MOVPE of the InP NWs was carried out in a low-pressure MOVPE system at a growth
temperature of 660 °C for 21 min. The partial pressure of TMIn ([TMIn]) and TBP
([TBP]) were 2.74x 107 and 4.05x 1077 atm, respectively. The resultant V/III ratio was
14.8. This relatively high temperature and low V/III ratio are our standard conditions
for the growth of wurtzite InP NWs [27]. After NW growth, in-situ annealing in the
MOVPE reactor was carried out in TBP ambient with [TBP] = 3.24 x 10™* atm. The
annealing temperature T4 were 600, 630, and 660 °C. The annealing times t4 were set
to 5, 10, and 20 min.

The growth of InP/InAsP/InP heterostructured NWs were performed after
annealing the InP NWs to form NW-QDs. InAsP was grown at 580 °C for 3 sec with
[TMIn] = 9.89 x 10~7 atm, followed by the InP growth for capping at 580 °C and 660
°C for 2 and 10 min with [TMIn] = 2.74 X 107% and [TBP] = 1.62 x 10~* atm. The ratio
pasus = [AsHs]/([AsHs] + [TBP]), where [AsHj] is the partial pressure of AsHs, and the
partial pressure of AsHs in group V sources during InAsP growth was set to 54 %.

3. Effects of Annealing on InP NW

3.1. Dependence on Annealing Temperature

Figures 1 and 2 summarize the results of annealing and its temperature dependence for
different NW diameters d before annealing. The annealing time t4 was 10 min. The
diameters d of the starting NWs were 240 nm and 120 nm in Figures 1 and 2, respectively.
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They were formed from masks with opening diameters dy of 180 and 110 nm. The
initial shape of the NWs was hexagonal pillars surrounded by {112} facets vertical to
the (111)A substrates, as shown in Figures 1(a) and 2(a). Specifically, the grown InP
NWs had a wurtzite crystal structure, as expected from the growth conditions [27], and
the sidewall facet was equivalent to {1100} plane of the wurtzite crystal.

It can be seen that all NWs became tapered and the edges of the hexagons were
rounded after annealing. This indicated the detachment of In and P from the edges of
the hexagon. In addition, the change in the shape and height depends on the annealing
temperature T4 and d. For d = 240 nm and T4 > 630°C, one can see that thinner
and shorter sections were formed at the tip of the NW. We believe that this is the
result of self-catalyzed VLS growth that occurs during annealing. On the other hand,
different behaviors were observed for NWs with d = 120 nm. That is, at T4 = 630
°C and 660 °C, the height of the NW became extremely low. The average height for
NW with d =120 nm was 838 nm before annealing, and they became 89.8 and 88.7 nm
after annealing at 630 and 660 °C, respectively. This shows the thermal evaporation
of In and P. Furthermore, thin and short sections were formed at the tips of the NWs
for Ty = 630 °C and 660 °C with d =120 nm. They are also thought to be formed by
self-catalyzed VLS growth during annealing.

To discuss the change in the shape and height more quantitatively, we measured
the top size of the NWs and calculated their volume before and after annealing. The
results are shown in Figure 3. Here, the average top size d; obtained from 10 to 30 NWs
is shown for each sample, and it is assumed that the NWs have a circular or hexagonal
conical shape for annealed NWs for the calculation of the volume. Thinner sections at
the top of NWs, as shown in Figures 1(c) and (d), are also considered. We can see that
the top size of the NWs was reduced by annealing for both d = 240 and 120 nm and
the reduction of the volume and its temperature dependence is clear for NWs with d =
120 nm. For NWs with d = 240 nm, the volumes decreased considerably at 630 °C and
increased again at 660 °C. While more volume reduction is naturally expected at higher
temperatures, we confirmed that the results at 660 °C was reproducible. Therefore, we
think it reasonable that the volume change is not very large for NWs with d = 240 nm
in the investigated temperature range. This small reduction in the volume of NWs with
d = 240 nm obtained at T4 = 660°C is attributed to the formation of thin and short
sections at the top of the NWs, suggesting mass transport of In from the sidewall to the
top and axial growth of the short sections.

3.2. Dependence on annealing time

Next, we investigated the dependence on the annealing time, t4 at Ty = 600 °C. t4 was
varied from 5 to 20 min. The results are summarized in Figure 4 (see Supplementary
Information for the SEM images). In Fig. 4(a), the bottom d, and top d; diameter of
the NWs are plotted as a function of t4. The difference between d, and d; increased
with t4, but there were no systematic changes in diameter. The measurement of the
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volume also confirmed the absence of a systematic change in volume with ¢4 for both d
= 120 and 240 nm NWs. Thus, within the experimental error, it is concluded that the
volumes are almost constant and independent of 4. This change in the shape without
a change in the volume suggests that the evaporation of In was very small and was not
the main reason for the change in the size at 600 °C. On the other hand, Figure 4(c)
shows that the difference in the top d; and bottom size d;, of the NW became larger with
ta. The results also showed that the difference between d, and d; was larger for a set
of NW with d = 120 nm. Furthermore, when we plotted Ad = d, — d; as a function of
NW height for t4 = 5 min, the higher NWs with d= 120 nm had larger Ad, as shown
in Figure 4(c). The results also show that the tapered angle is almost constant for NWs
with d = 120 nm, and is larger for samples with d = 120 nm as compared with d=
240 nm. Therefore, we concluded that In detached from the sidewalls diffused to the
top of the NWs and crystallized at the top and that d; became smaller for smaller dy,
suggesting that thinner NWs are easier to be thinned by annealing. The tapered angle
seems to be less constant for d= 240 nm NWs, but the dependence of the tapered angle
on NW diameter and its reasons are not clear at present.

3.3. Mechanism of shape change during annealing

The experimental results described above confirm that the tip size of the InP NWs
was reduced by annealing. They also showed that the cross-sectional shape of NW
changed from hexagonal to rounded. Furthermore, the NWs were tapered. If we look
at the experimental results in Figures 1-4 in more detail, the results of annealing can
be classified into cases with significant volume reduction and those with relatively little
volume change. The former was observed at d = 120 nm, T4 = 630 °C and 660 °C
(Figure 2(c) and (d)). In these cases, In evaporated because of the high annealing
temperature. In contrast, in the latter case, the decrease in NW height was small and
even increased in some cases. Therefore, the change in the shape of the InP NWs was
first induced by the decomposition of InP and the desorption of P at the edge of the
hexagon on the sidewalls of the NWs. Most of the remaining In did not immediately
desorb, but caused mass transport from the sidewalls to the top. Then, diffused In
reacted with the P precursor in the gas phase and contributed to the vertical growth
of NWs unless the annealing temperature was too high. Furthermore, when the growth
proceeded at the top, In droplets were formed and the growth took place by the self-
catalyzed VLS mechanism, as shown in Figures 1(c) and 1(d) (and in Figure 2(d)). It
is also likely that the growth proceeded in the [111]A direction by the normal epitaxial
growth mode without depending on the droplets, as shown in Figures 1(b) and 2(b).
Priante et al. [47] reported the stop and restart of self-catalyzed GaAs NW growth
by the consumption and recreation of Ga droplets at the top of NWs. Our present
results for VLS growth are very similar to theirs in the sense that catalysts can be
created intentionally in the growth chamber or reactor and be used to tailor the size
of the NWs. Thus, the results demonstrated the possibility of realizing thin NWs by
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controlling the droplet size, as reported by Kim et al. [48].

The experimental results also show that these desorption and growth modes depend
not only on the annealing temperature 74 but also on the NW diameter d before
annealing. This can be explained as follows; when T4 was low, the amount of P desorbed
from the sidewall of the NW was small, so the amount of In diffused from the sidewall
was also small. When the amount of In near the top was sufficiently smaller than
the amount of P precursor in the atmosphere, normal epitaxial growth contributed to
the axial growth of the NWs. However, as the annealing temperature increased, the
amount of P desorbed from the sidewalls increased; thus, the amount of In diffusing
from the sidewalls to the top also increased. Consequently, the amount of In near the
top is greater than the number of P precursors in the surrounding atmosphere, forming
In droplets. If the NW diameter is sufficiently large, self-catalyzed VLS growth forms
a thin section at the tip. However, when the diameter of the NW was small, the In
droplets were small and the In droplets easily evaporated, resulting in the desorption of
not only P but also In, leading to a decrease in volume. The shape change of the NWs
by annealing describe here is summarized in Figure 5.

In reality, the appearance of two different shape changes, and the appearance of two
types of growth modes are thought to exhibit continuous transition depending on the
annealing conditions and the size parameters of the NWs. However, this appeared to be
abrupt. We also have to admit that the explanation presented in the previous paragraph
contains some contradiction: as we describe in the next section, VLS growth occurred
in thinner NW, as shown in Figure 6. We speculate that a consistent explanation is
possible if the thermal stability of NWs is very sensitive to their diameter and if the In
evaporation rate changes significantly with temperature. That is, if the change in the
decomposition rate of InP is significantly higher for smaller NWs, the mass transport
of In from the sidewall to the top increases significantly, leading to the formation of
In droplets at the thin NW tip. The dependence of the thermal stability on the NW
size would be plausible if one considered the cross-sectional shape of the NWs after
annealing, where they were closer to the hexagon for NWs with d = 240 nm but were
more rounded and almost circular for those with d = 120 nm, as shown in Figures
1 and 2. It is also possible that the decomposition is accelerated in thinner NWs
because the decomposition of flat facet sidewalls is slower than that of rough sidewalls,
as demonstrated in Ref. [34]. In general, the In atom density at the top of the NW
during annealing depends on the number of In atoms that decompose and diffuse from
the sidewalls, number of In atoms that are recrystallized and incorporated into the NW,
and the amount of In atoms that evaporate. Depending on the balance between the
supply and consumption rate of In, there are cases in which growth proceeds with and
without In droplets and cases in which In desorption is dominant. A more accurate
evaluation of each quantity and its temperature and NW size dependence are necessary
for a more quantitative discussion, which is beyond the scope of this study.
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3.4. Formation of thin NWs

The above experimental results suggest that annealing at a temperature of 600 °C is
more appropriate for reducing the lateral NW size. As shown in Figure 4(c), it is also
considered that the smaller the initial NW size, the more effectively the NW can be
miniaturized. Based on this idea, we applied in-situ annealing to InP NWs at 600
°C. Figure 6 shows the results obtained for NWs grown in a pattern with an opening
diameter of dy = 60 nm. The annealing time was 5 minutes. Although the NW dimension
d before growth was not measured precisely, a very thin InP NW was formed on top
with a cross-sectional dimension of approximately 20 nm at the tip as expected. As
there was a clear size difference between the wide bottom part and the narrow top part
in this NW array, it is thought that the top part was grown by the VLS mechanism.
The growth of the VLS mechanism can be explained by the thermal instability of thin
NWs.

4. Formation of InAsP QD

Finally, NW-QDs were formed by growing InAsP and InP after thermal annealing of
the InP NWs, and low-temperature micro-photoluminescence (PL) characterization was
performed. To form and evaluate a single and small QD in the NWs, we measured the
NWs obtained from a masked substrate with an opening diameter dy of 60 nm and
a pattern pitch a of 3 um. A typical SEM image of a NW-QD is shown in Figure
7(a). The diameter of the NW was greater than the opening diameter dy, and the
expected tip size of the annealed InP NWs. This was attributed to the lateral growth
of InP under low-temperature and high V/III ratio growth conditions after the growth
of InAsP, as schematically shown in Figure 7(b). We believe that In droplets were
consumed by InP NW growth or vapor-solid growth occured in InP, and that the QDs
were formed without In droplets, similar to the case reported in Ref. [45]. Figure 7(c)
shows the PL spectrum of the single NW-QDs under an excitation intensity I of 109
W /cm? measured at 4 K. Multiple peaks including sharp lines were observed. Emissions
above 1.43 eV were originated from InP. Broad and emissions with multiple peaks in the
energy range from 0.9 to 1.4 eV were attributed to the emission from the InAsP layer,
which presumably formed in the sidewall of tapered NWs, as shown in Figure 7(b). In
addition, very narrow peaks were observed at approximately 0.8 eV. Figure 7(d) shows
their excitation intensity dependence. We here focus on two peaks labelled X and XX,
which were respectively confirmed above I of 1.06 and 17.7 W /cm?. At each I, the peak
X was located at 0.793 eV (1.563 pm) and had a linewidth of 2.24 meV (obtained by
Gaussian fitting), and peak XX was located at 0.798 eV (1.553 pm) and had a linewidth
of 0.855 meV. Figure 7 (e) shows the integrated intensity of the two peaks X and XX
and their dependence on I, plotted on a logarithmic scale. The results indicated that
the integrated intensity of peaks X and XX were proportional to linear and quadratic
dependence on [, respectively, when I was sufficiently low. These were very similar to
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our previous results reported in Refs. [49-51]. The peak at 0.802 eV observed above

= 17.7W/cm? was not identified but presumably originated from a charged exciton.
Therefore, we conclude that InAsP QDs were formed on annealed InP NWs and that
emission from a single QD in an NW up to the C-band was obtained.

5. Conclusions

In conclusion, we succeeded in reducing the tip size of InP nanowires by in-situ thermal
annealing. After a series of investigations on the annealing temperature and annealing
time, we found that the change in the shape of the InP NWs was caused by the thermal
evaporation of P from the edge of the NW and by the diffusion of In from the sidewall to
the tip, followed by the evaporation of In or the growth of InP. The optimal temperature
for annealing was 600 °C in our present investigation, which was lower than the growth
temperature (660 °C) for the growth of InP NWs, and NWs with a tip size of 20 nm
were successfully realized. Furthermore, we confirmed the formation of InAsP QD on the
annealed InP NWs, emitting in the telecom band. Our results are useful for controlling
the size of NWs and for the controlled formation of InAsP NW-QDs for photonic devices
suitable for telecommunication.
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Figure 1. SEM images of InP NWs with and without annealing and their temperature
dependence for NW with initial diameter d of 240 nm. (a) as-grown InP NWs, (b)
annealing temperature T4 = 600°C, (¢) T4 = 630°C, and (d) T4 = 660°C.

(d) 660°C
M

Figure 2. SEM images of InP NWs with and without annealing and their temperature
dependence for NW with initial diameter d of 120 nm. (a) as-grown InP NWs. (b), (c),
and (d) show the results after annealing at 600, 630, and T4 = 660°C, respectively.
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and volume (b) of InP NWs induced by annealing
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Figure 4. Dependence of the diameter (a) and volume (b) of NW on annealing time
at T4 = 600°C. Inset of (a) shows an SEM image of NW annealed for 5 min with
d=120 nm. Scale bar is 200 nm. (c¢) Evolution of the difference of the top and bottom
height Ad = d; — dp under annealing at 7=600 °C. (d) Comparison of the top and
bottom size of NWs after 5 min annealing at 600 °C for NWs with d = 120 and 240

ni.
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Figure 5. Model for the shape change of NW by annealing. (a) In the initial steps
of annealing process, desorption of P and mass transport of In takes place. (b)
Successive change of NWs during annealing is either (i) a normal epitaxial growth
at low temperature or (ii) formation of In droplet and VLS growth, or desorption of In

at higher temperatures. The process (ii) depends on the size of the droplet and NW
diameter.

Figure 6. SEM image of NWs with a diameter of about 20 nm obtained by annealing
at 600 °C for 5 min. The initial opening size dy of the mask was 60 nm.
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Figure 7. (a) SEM image of a single InP/InAsP/InP vertical heterostructure NW
formed after the annealing of InP NW. and (b) its schematic cross-section. (c) Low-
temperature PL spectra of heterostructure NW. (d) Excitation intensity dependence
of the PL spectra of a single InAsP QD emission formed heterostructure NW with
annealed InP NW. (e) Dependence of the integrated intensity of peak X and XX on
the excitation intensity 1.



