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In this letter, we report the growth of self-assembled, catalyst-free InP nanoneedles on Si substrate
by low-temperature metal-organic chemical vapor deposition. With a characteristic core-shell
growth mode, the nanostructure size is scalable with growth time, and InP/InGaAs/InP doubleheterostructure is demonstrated. Single crystalline wurtzite InP nanoneedles essentially free of
stacking faults and polytypism are achieved. The internal quantum efficiency of as-grown
unpassivated InP nanoneedles can reach as high as 15% at room temperature. Laser oscillation is
realized from single InP nanoneedle under optical pump. These promising results reveal the
C 2013
potential of integrating InP nanoneedle optoelectronic devices with traditional silicon. V
American Institute of Physics. [http://dx.doi.org/10.1063/1.4775377]
Bottom-up approach of integrating III-V compound
semiconductors on silicon has attracted intense interest
because it enables bridging of the gap between optoelectronic devices and silicon-based complementary metaloxide-semiconductor (CMOS) circuits.1–3 However, large
mismatches in lattice constants and thermal coefficients
hinder direct growth of III-V materials on silicon. Nanostructures with small footprints grown on Si substrate give a possible solution. But the nanowires usually have small lateral
dimensions4 and require metal catalyst.5,6 These often degrade the material quality and restrict their applications.
Recently, we reported a core-shell growth mechanism which
enables monolithic growth of high-quality GaAs-based nanoneedles and nanopillars directly on silicon and realized highperformance single-nanopillar lasers.7–9 This showed an
approach to overcome the fundamental roadblock due to
lattice mismatch between III-V compound semiconductor
and silicon.
Among all the III-V materials, InP is one of the most important building blocks for realizing heterojunction devices.
In fact, InP based alloys are widely used as growth template,
optical cladding layers, and active layers in long wavelength
optoelectronic devices for silicon-transparent applications.
Most importantly, InP has 1–2 orders of magnitude lower
surface recombination velocity than GaAs-based materials.10,11 These unique properties make InP an ideal candidate
for surface passivation as well as solar cell application.12 InP
nanowires grown on silicon have been reported using gold or
indium as catalyst. However, single crystalline phase can
only be observed when nanowire diameter is smaller than a
critical diameter below 40 nm.4,13,14 In this letter, we report
the growth of catalyst-free, self-assembled InP nanoneedles
on silicon by low-temperature metal-organic chemical vapor
deposition (MOCVD). With a core-shell growth mode, the
InP nanoneedle can grow up to 1.2 lm in diameter. Transmission electron microscopy (TEM) studies show that these
gigantic structures grown at 450  C are in single crystalline
wurtzite (WZ) phase. With the use of temperature-dependent
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photoluminescence (PL), the internal quantum efficiency
(IQE) of unpassivated nanoneedle is measured to be as high
as 15% at room temperature. Lasing behavior is observed at
4 K under pulsed optical pump, attesting the excellent crystal
quality. InP/InGaAs/InP double-heterostructure (DH) is also
demonstrated, suggesting the possibility of integration of
long wavelength heterojunction devices on silicon.
Material growth was carried out on (111)-Si substrates
in an Emcore D75 MOCVD system. Trimethylindium
(TMIn) and tertiarybutylphosphine (TBP) were adopted as
indium and phosphorus precursors, respectively. Prior to
growth, the Si substrates were cleaned with acetone, methanol and rinsed with DI water in sequence. The substrate surface was then deoxidized by dipping into buffered oxide
etch, followed by mechanical roughening.7 TBP was flown
into the reactor when substrate temperature was higher than
200  C. A pre-growth in-situ annealing was performed at
540  C for 3 min. Reactor temperature was then lowered and
kept at the growth temperature, which ranged from 400 to
450  C. TMIn was introduced into the reactor afterward to
prevent self-catalyst effect of indium at low temperature.
The total flow rate during the growth was fixed as 12 slm.
The mole fractions of TBP and TMIn were held as
2.36  10 3 and 1.89  10 5, respectively.
Figures 1(a)–1(d) show the scanning electron microscope (SEM) images of typical InP nanoneedles grown at
425  C and 450  C for 15 min. At both growth temperatures,
the nanoneedles are well-faceted hexagonal pyramids aligning vertically to Si [111] direction. The InP [1120] direction
is parallel to Si [110] direction. The nanoneedles grown at
425  C possess straight sidewalls and a typical taper angle of
2.5 –3.5 , as observed in Fig. 1(b). However, the ones grown
at 450  C show curved sidewalls and significantly larger base
with diameter as large as 1.2 lm, as shown in Fig. 1(d).
This is possibly due to enhanced indium surface migration at
higher temperature. Therefore, more indium can be collected
from surface and incorporate at base part of the
nanoneedles.15
To study the InP nanoneedle growth mechanism, five
samples were grown at 425  C with growth time ranging
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FIG. 2. Nanopillar with InP/InGaAs/InP double-heterostructure. (a) Schematic illustrating the core-shell structure of the nanopillar. (b) 30 -tilt SEM
image of InP/InGaAs/InP nanopillar. (c) Top-down view of a nanopillar
with InGaAs layer removed by selective etching.

FIG. 1. SEM images of InP nanoneedles on (111)-Si substrate. (a) and (b)
Top view and 30 -tilt view of InP nanoneedles grown at 425  C for 15 min,
respectively. (c) and (d) Top view and 30 -tilt view of InP nanoneedles
grown at 450  C for 15 min, respectively. (e) Size evolution of nanoneedles
with different growth times. Scale bars are 500 nm.

from 15 to 45 min. The size evolution of nanoneedles with
growth time is shown in Fig. 1(e). The nanoneedle taper
angle is well maintained with base diameter and height scaling linearly with time. The vertical and lateral growth rates
along [1
100] and [0001] orientations are estimated to be
16.7 nmmin 1 and 360 nmmin 1, respectively. No critical
diameter or height for InP nanoneedle on silicon was
observed despite 8% lattice-mismatch between these two
materials. Similar shape evolution was also observed at
450  C. This behavior indicates that InP nanoneedle growth
is in a core-shell mode rather than the vapor-liquid-solid
growth mechanism usually observed for conventional
nanowires.1,3
To further prove that the growth indeed assumes coreshell mode, InP/In0.2Ga0.8As/InP DH was demonstrated. The
InP core diameter is designed as 450 nm, while both of the
InGaAs layer and InP shell thicknesses are chosen as
100 nm. The structural schematic and 30 -tilt SEM image of
the nanopillar are shown in Figs. 2(a) and 2(b), respectively.
It is considered that the flat top results from the InGaAs layer
growth. In our previous work, it is observed that the InGaAs
nanoneedles are truncated when its length exceeds 1.5 lm.16
Due to the growth condition variation across the sample surface, some short nanopillars with a height of 320 nm are
also found. InGaAs layer is exposed on the top of those short
nanopillars. The InGaAs layer can be removed by selective
wet etching while leaving InP layers intact, resulting in a
trench between two InP layers, as shown in Figure 2(c). The
measured thicknesses of InGaAs intermediate layer and InP
shell agree with the designed ones. Two smooth boundaries
of the trench can be seen at the original InGaAs/InP interfaces. It indicates that good interfaces are formed between the

two materials. Furthermore, suggested by the excellent
appearance of outer interfaces, the 100-nm-thick InGaAs
layer could grow with a good crystal quality, despite over
2% lattice-mismatch respect to InP. The ability of growing
DH further confirms that the InP nanoneedle growth follows
a core-shell manner. Furthermore, it also reveals a potential
approach to integrate high-performance optoelectronic devices in silicon transparency range monolithically with silicon.
To study the crystal phase and material quality of the
nanoneedles, high-resolution TEM (HR-TEM) was performed. TEM sample was prepared by simply wiping down
as-grown InP nanoneedles onto a TEM copper grid. Figures
3(a) and 3(b) show the TEM images of InP nanoneedles
grown at 425  C and 450  C, respectively. The corresponding
diffraction patterns (DPs) inserted in Fig. 3(a) and shown in
Fig. 3(d) match the distinctive WZ pattern. It confirms that
both 425  C and 450  C can offer WZ crystalline phase.

FIG. 3. (a) A HR-TEM image of a 425  C InP nanoneedle, with FFT
inserted. (b) A HR-TEM image of a 450  C InP nanoneedle. (c) A zoom-out
TEM image of a 450  C InP nanonneedle. No stacking fault or polytypism
are observed over 100 nm along c-direction. (d) Diffraction pattern of a
450  C InP nanoneedle.
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However, small zinc blende (ZB) phase portions are
observed in the TEM image of the ample grown at 425  C,
resulting in the streaky components in the corresponding DP.
In contrast, for the sample grown at 450  C, neither stacking
fault nor polytypism was observed within a large area over
100 nm along the nanoneedle. This feature as well as the
clear diffraction pattern verifies that the growth temperature
of 450  C can improve crystalline phase purity significantly.
It is believed that the basic crystal phase is determined by
the nucleus crystal structure, considering the InP nanoneedle
has a coherent core-shell growth mode. WZ phase is energetically favorable due to a lower dangling bond density on the
sidewalls,17 since the initial nucleus is small and the surfaceto-volume ratio is large. Therefore, under both growth temperatures, WZ structure can be formed at initial growth stage
and maintained by the core-shell growth mode. However, in
terms of thermal dynamics, the formation of stacking fault is
possible during the growth. It is because the ZB structure is
more energetically preferred, when the nanoneedle size
increases and surface-to-volume ratio reduces.18,19 We
anticipate that the actual V/III ratios under the two growth
temperatures can be the key factor for crystal phase control
in our experiments. In fact, the actual V/III ratio increases
due to higher TBP pyrolysis efficiency at 450  C.20 It could
have affected the surface energy at growth front and nucleation kinetics. Higher V/III ratio leads to a higher supersaturation at growth surface, which makes ZB crystal phase less
favorable.21 As a result, in our experiments, pure WZ structure is realized at 450  C, while ZB structure appears at
425  C. Similar phenomenon has been observed, showing a
higher V/III ratio can suppress the formation of ZB in InP
nanowire growth.22 To fully verify and understand the effect
of V/III ratio on crystal structure, further experimental and
theoretical studies are both needed for following research.
Optical properties characterization was carried out for
the single, as-grown pure WZ InP nanoneedles. The material
IQE was evaluated by temperature dependent PL with temperature varying between 4 K and room temperature.23 A
continuous-wave semiconductor laser emitting at 660 nm
was used as the pump source. The pump power ranged from
50 lW to 10 mW at each temperature. The full-width-athalf-maximum (FWHM) of pump laser spot was focused
down to 2.3 lm. The temperature depending IQE curve is
plotted in Fig. 4. The WZ InP nanoneedle shows an IQE of
15% at room temperature despite the unpassivated surface.
This value is significantly lower than that of bulk InP, which
can reach over 90%.24 It is mainly attributed to the relatively
large surface-to-volume ratio. The carriers in nanoneedle
have high probability to diffuse to the surface before radiative recombination. Surface states act as nonradiative recombination centers and the IQE is reduced. However, it is worth
noting that the IQE of our uncoated InP nanoneedle is surprisingly two times higher than the previous best reported
5% from GaAs nanowire with InGaP passivation layer.25 We
attribute this amazing efficiency mainly to the lower surface
recombination velocity of InP, larger base size, and relatively smaller surface-to-volume ratio, comparing with other
nanowires. This makes InP nanoneedle on silicon a good
candidate for low-cost and high-efficiency solar cell application. The negative thermal quenching is also observed when
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FIG. 4. IQE measurement data of a 450  C InP nanoneedle, extracted from
power-dependent PL measurements under different temperatures. An IQE of
15% at room temperature is achieved.

the temperature is lower than 20 K. The mechanism of this
behavior from our WZ InP is not clear yet. Similar phenomena were observed from GaAs, ZnS and ZnO materials. It
could be due to intermediate energy states formed by impurities, such as hydrogen and carbon, or intrinsic point
defects.26,27
The InP nanoneedle tapered shape can provide a natural
optical cavity supporting unique helically propagating resonance modes.8 The resonance wavelengths can be tuned by
nanoneedle diameters to match the InP material emission
spectrum. With high material quality mentioned above and
this excellent as-grown cavity, laser oscillation was achieved
at 4 K under optical pump. A mode-locked Ti:sapphire laser
(Coherent Chamelleon) delivering 140 fs pulses was used as
the pump source. The pump wavelength was fixed at 750 nm
with a repetition rate of 80 MHz. The FWHM of pump laser
spot was focused down to 2.5 lm. The emission spectra of a
WZ InP nanoneedle laser at 4 K are plotted in Fig. 5(a). A
background suppression ratio of 8.6 dB was measured from
lasing spectrum. Figure 5(b) shows the laser output-input
curve (L-L curve) for a typical WZ InP nanolaser. The pump
power and nanoneedle laser emission are both converted into
energy per area. A clear threshold behavior can be seen in the
L-L curve. The emission linewidth becomes narrower rapidly
as the pump power increases towards threshold. The lasing
peak broadening above threshold is due to the heating effect.
By fitting the curve with a gain model and rate equations, the
nanoneedle laser threshold is evaluated as 7.3 lJcm 2. The
cavity quality factor (Q) and the spontaneous emission coupling factor (b) are estimated as 126 and 0.021, respectively. This demonstrates the potential of integrating these InP
nanoneedle lasers onto silicon for various applications, such
as on-chip and inter-chip connection for CMOS.
In conclusion, we report the catalyst-free, selfassembled, core-shell growth of InP nanoneedles on 8%
lattice-mismatched (111)-Si substrate. InP nanoneedles
grown at 450  C are in single crystalline WZ phase and
essentially free of stacking fault. InP/InGaAs/InP DH was
also demonstrated. The IQE of as-grown InP nanoneedle is
as high as 15%. With the naturally formed cavity, laser
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FIG. 5. (a) PL spectrum of a single WZ InP nanoneedle laser below (blue,
magnified by 15) and above (red) threshold at 4 K. (b) L-L curve of a nanoneedle laser operating at 4 K, fitted with gain model and rate equations. A
low threshold of 7.3 lJcm 2, a cavity quality factor (Q) of 126, and
spontaneous emission coupling factor (b) of 0.021 are estimated from rate
equation analysis, respectively. The linewidth reduces by a factor of 10 as
the pump increases above the threshold, shown in the inset.

oscillation from single InP nanoneedle on silicon was
achieved. These exciting properties make the nanoneedles
attractive for low-cost, high-efficiency solar cell application,
as well as open up a pathway for silicon-transparent optoelectronic devices integrated with silicon.
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