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ABSTRACT: On-chip optical interconnects still miss a high-
performance laser monolithically integrated on silicon. Here,
we demonstrate a silicon-integrated InP nanolaser that
operates at room temperature with a low threshold of 1.69
pJ and a large spontaneous emission factor of 0.04. An epitaxial
scheme to grow relatively thick InP nanowires on (001) silicon
is developed. The zincblende/wurtzite crystal phase polytyp-
ism and the formed type II heterostructures are found to
promote lasing over a wide wavelength range.
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The convergence of photonics and electronics holds
promises for many applications. Optical interconnect is

envisioned to be a competitive solution for overcoming the
intra- and interchip communication bottleneck that now
threatens to limit the performance of next-generation micro-
processors.1−3 The underlying technology has evolved
tremendously over the past decade; however, a high perform-
ance on-chip laser source is still missing, and that triggered a
vast amount of research across the world.4−8 Although
extensive work is being carried out nowadays to engineer
silicon or germanium to provide gain,4,7,8 compared to their
III−V counterparts, silicon or germanium lasers are still in their
infancy. A possible approach to integrate III−V materials on
silicon involves wafer bonding techniques.5,6 A monolithic
approach would be more appealing, but its implementation is
difficult due to the intrinsic lattice and thermal mismatch
between silicon and III-Vs.9 Nevertheless considerable progress
has recently been made. While the optimization of large-area
growth of III-Vs on silicon is under way,10−13 localized epitaxial
approaches, for example, the growth of III−V nanowires on
silicon (albeit mostly on the (111) surface), have shown
remarkable progress.14−17 To achieve lasing from these
nanowires, a complex cleavage and transfer process is usually
employed to form the Fabry−Perot laser cavity.18−20 The
resulting low yield and high cost make this approach less
attractive for practical applications. Recently, laser operation of
GaAs/InGaAs nanowires that were directly grown on a (111)
silicon substrate was reported.21 Growth of these nanowires
was initiated from a surface roughing process. Nevertheless

there is a need for a more controllable growth scheme. Besides,
the use of (001) oriented substrates is preferable, considering
its potential compatibility with processing in standard micro-
electronics fabs.
In this work, we present a more controllable scheme for

growing InP nanowire lasers on prepatterned (001) silicon
substrates using a metal−organic chemical vapor deposition
process (MOCVD). A nanotrench assisted defect-trapping
effect22 is thereby exploited in combination with an epitaxial
lateral overgrowth23 process to promote the growth of thick but
high quality InP nanowires on silicon, well-suited for photonic
applications. High-resolution transmission electron microscopy
(HRTEM) analysis revealed that wurtzite (WZ) and zincblende
(ZB) crystal phases are mixed in the nanowire, forming type II
heterostructures. Although it was suggested that the twins and
stacking faults formed between different crystal phases may
degrade the optical performance,24 in this work, we found that
the crystal phase mixture actually act as an efficient staggered
quantum well system. A low threshold room-temperature laser
operation is successfully achieved. We also measured a high
spontaneous emission factor β indicating that a large fraction of
the spontaneous emission is coupled into the resonant optical
mode,25 which contributes to reducing the laser threshold.

Received: June 13, 2013
Revised: September 15, 2013
Published: September 27, 2013

Letter

pubs.acs.org/NanoLett

© 2013 American Chemical Society 5063 dx.doi.org/10.1021/nl402145r | Nano Lett. 2013, 13, 5063−5069

pubs.acs.org/,DanaInfo=pubs.acs.org+NanoLett


Most of the previously demonstrated III−V nanowires grown
on silicon had lateral dimensions in the order of tens of
nanometers,14,26 limited by the huge lattice mismatch (4−8%)
between the substrate and the nanowires. Such thin nanowires
can hardly sustain any confined optical modes and therefore
cannot act as a laser cavity. We used an alternative approach
whereby the epitaxial growth begins selectively within 100 nm
diameter sized circular openings that are defined in a 350 nm
thick SiO2 mask on (001) silicon substrates (see insert of
Figure 1a). A modified shallow trench isolation (STI) process
also used in standard CMOS fabrication is used to fabricate this
patterned SiO2 mask.

27 The silicon surface in these patterned
openings is etched away using HCl at high temperature (600

°C) in a CVD reactor. Subsequently, a thin Ge seed layer is
grown in the recessed Si holes to reduce the lattice mismatch.
Epitaxial growth was carried out in a MOCVD reactor. Initially,
the wafer was baked in a H2 flow at high temperature (650 °C).
This high temperature process not only removes the native
oxide but also forms surface steps on the Ge surface that
facilitate InP nucleation without the generation of anti phase
boundaries (APBs).22 Different from the conventional
approach that uses miscut substrates, this Ge seed based
scheme is compatible with (001) oriented substrates also used
in standard CMOS fabrication. In the next step, the
temperature was lowered to 380 °C, following introduction
of low flow rates of the reactants tert-butyl phosphine (TBP)

Figure 1. (a) A schematic configuration of the InP nanolaser epitaxially grown on (001) silicon; the dashed lines indicate that a slice of the
nanocavity is prepared for transmission electron microscopy (TEM) analysis. (b) A cross-section view of the nanowire bottom (see the dashed
rectangle in part a) that is connected to the silicon substrate via a SiO2 opening and the Ge buffer. (c) A tilted scanning electron microcopy (SEM)
view of a typical nanolaser cavity.

Figure 2. (a) Transmission electron microscopy (TEM) image of InP nanowire. Dashed lines are used to outline the InP-filled SiO2 trench, which is
not clearly observable due to the misalignment of the FIB prepared slice with respect to the nanowire center. Insert: High-resolution TEM image of a
small fraction of the wurtzite/zincblende mixed InP nanowire, blue and red lines are used to represent the atomic planes of ZB and WZ crystal
phases, respectively. (b) Schematics of the band alignment in the WZ/ZB mixed nanowire. Different arrows represent different possible carrier
transitions, and the dashed lines indicate the possible energy levels of the quantum confied carriers. (c) Normalized PL spectra measured from the
InP nanowire sample (red) and the InP reference sample (blue). The red, yellow, and purple arrows indicate the type II, the pure ZB, and the pure
WZ band edge transition, respectively.
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and trimethylindium (TMI) for the InP nucleation. Sub-
sequently, the reactant flow rates were increased in small
increments, while the temperature was being increased to 610
°C. Dislocations that propagate from the lattice mismatched
interface glide along certain angles with respect to the bottom
surface. By increasing the aspect ratio of the holes (depth/
diameter > 2), all of the dislocations will be annihilated at the
sidewalls (see insert of Figure 1a), and defect-free InP can be
obtained at the SiO2 hole top surface, which then can be treated
as a lattice matched virtual substrate for the subsequent
epitaxial process. In this way, one gets rid of the constraint of
the critical diameter,28 and the lateral dimensions of the InP
nanowires can be increased considerably, employing an
epitaxial lateral overgrowth process. As shown in Figure 1a,
the subsequent epitaxial growth above the mask surface forms a
nanowire with a hexagonal cross-section in a diameter of about
400 nm, its longitudinal axis tilted about 35° with respect to the
mask surface. A scanning electron microscopy (SEM) image of
a typical InP/Si nanowire optical cavity is shown in Figure 1b.
The nanowire growth is oriented along the ⟨111⟩ axis, which is
mainly determined by the lower surface energy of the side
facets. A hexagonal top surface and an inner triangular pattern
can be seen in the SEM image and is routinely found in all of
the SEM observations. We believe this morphology originates
from the temperature changes during the nucleation and
growth steps, which affect the crystal planes forming the wire
sidewalls.29 It is worthwhile mentioning that this epitaxy
process was originally developed for realizing III-Vs based logic
devices in a CMOS fab.22 Its potential CMOS compatibility
makes it very attractive for mass volume applications requiring
dense integration with advanced electronics.
Using a focused ion beam (FIB) a ∼100 nm thick slice of the

nanowire (see Figure 1a) was prepared for transmission
electron microscopy (TEM) analysis. From the TEM
inspection, no dislocations can be found, which confirms the
efficiency of the defect trapping effect. The InP nanowire
mainly consists of the ZB crystal phase, with twin planes found
to be randomly distributed along the axial direction. A twin
plane punched into the ZB InP can be considered as a
monolayer of WZ InP. Also thicker layers of WZ InP are
observed. A high-resolution TEM image illustrating this crystal
phase mixture is shown in Figure 2a. Blue and red lines
represent the atomic planes of the ZB and WZ phases,
respectively. According to theoretical prediction and exper-

imental verification, WZ InP exhibits an 80 meV larger bandgap
than ZB InP,30,31 and the “heterostructure” formed by the two
crystal phases of InP shows a type II32,33 alignment; that is, the
conduction band minimum and valence band maximum are not
in the same layer. Therefore the electron and hole wave
functions are spatially separated.
Although the nanowire is too thick to provide quantum

confinement in the lateral direction, the finite thickness of the
WZ and ZB segments (see Figure 2a) provide quantum
confinement in the other direction. Figure 2b shows a
schematic band diagram of the polytypic nanowire. Due to
the type II band alignment at the WZ/ZB interface, the
effective bandgap shrinks, and the corresponding PL emission is
red-shifted (see the red arrow). However, when a thin WZ
(ZB) segment is sandwiched between relatively wide ZB (WZ)
segments, an isolated quantum well is formed (see the left side
of the diagram). Theoretical calculations show that, even for a
wide quantum well (∼10 nm), the ground state for electrons is
still 50 meV above the well bottom.33 Therefore the bandgap
shrinkage related to the type II band alignment can be
compensated or even exceeded. In the case of a few monolayer
thick segments, the quantum states will be further lifted up (see
the blue arrow)32,33 approaching the top of the well,32,33 and
carriers may escape and enter the above-barrier continuum
states at room temperature. The corresponding PL emission is
further blue-shifted (see the purple arrow). Note that, due to
the narrow width of the quantum wells, the weakly confined
electron and hole wave functions overlap strongly in real space,
and therefore the direct carrier transition is greatly enhanced.
The theoretically predicted and experimentally measured
decrease of radiative lifetime presented in ref 32 also supports
this hypothesis. In the case of closely packed WZ/ZB segments
(see the right side of the diagram), a nonperiodic superlattice is
formed.34,35 The resultant electronic states are better confined
compared with the single quantum well case, which reduces the
chance of carrier leakage to continuum states.35 The
delocalization of the carrier wave functions is further increased
in the real space, greatly enhancing the radiative recombination
rate.
Figure 2c shows a typical PL spectrum recorded from

nanowires at room temperature. The pumping area covered
hundreds of nanowires. The PL spectrum measured from a
reference sample (a pure InP wafer) under the same conditions
is also plotted. Compared with the reference sample, the InP/Si

Figure 3. Laser oscillation of InP nanolaser grown on silicon. (a) PL emission spectra recorded below (blue) and above (red) the threshold. The
blue curve was measured at 60% of the threshold pump level, and it has been magnified by ×25 for better visibility. (b) L−L curve of a nanolaser
operating at room temperature; the open circles are measured results, while the solid curve is the corresponding rate equation fitting. The threshold
is measured to be as low as 1.69 ± 0.2 pJ. From rate equation fitting, a spontaneous emission factor of 0.04 was extracted.
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PL spectrum is considerably blue-shifted, with its peak position
on the left side of the ZB band edge transition (see the yellow
arrow). This measurement result indicates that the dominant
carrier transition process happens between different quantum
states as discussed above, and the quantum confinement effects
are strong enough to overcome the PL red shift due to the type
II band alignment (its corresponding band edge transition is
marked by the red arrow). On the other hand, we observed
very low PL signals above the WZ InP bandgap (see the purple
arrow), indicating that only a few carriers can escape and enter
into the above-barrier continuum states. In addition, due to the
inhomogeneous distribution of the WZ/ZB heterostructures
with different segment thicknesses, the spontaneous emission
spectrum is rather wide. We will show later that, for different
optical cavity dimensions, the lasing wavelength can be tuned
across the whole spectral range.
From these cavities, room temperature laser operation is

achieved through optical pumping with a Nd:YAG nanosecond
pulsed laser (Ekspla, 532 nm, repetition rate 321 Hz). Pump
pulses with a 7 ns length were attenuated before being delivered
to the sample surface by a ×50, 0.6 numerical aperture (NA)
objective (Mitutoyo NIR HR). The optical setup allows a
uniform and size adjustable pump pattern on the sample
surface. PL emission at room temperature was collected by the
objective used for optical pumping and detected through a 1/4
m monochromator (MS257, Newport) by a TE-cooled silicon
detector. Filters were used to block the pumping light in the PL
collecting path. The signal was locked to the pump via a lock-in
amplifier to improve the signal-to-noise ratio for measurements
below threshold. To minimize the interference from the
neighboring nanowires, the pumping area was reduced to a
diameter of about 3 μm.
The typical PL spectra of a nanowire laser, recorded below

and above threshold (pump intensity >3 times threshold level),
are plotted in Figure 3a. The below-threshold emission
spectrum is magnified by a factor 25 for better visibility.
Although this spectrum stems from a single nanowire, it is
rather broad and is centered around 890 nm, which indicates
the strong quantum confinement effects and the nonuniform
distribution of the WZ/ZB heterostructures over the nanowire.
By increasing the pump intensity, a resonant mode starts to
build up, and a laser peak located around 880 nm can be clearly
identified (see the red curve). In contrast to conventional lasers,
the measured line width of the nanowire laser is well above the
Shawlow−Townes limit, and it remains almost constant (∼2
nm) even when the pump intensity is increased considerably
above threshold. Such a large discrepancy cannot be explained
by the line width enhancement factor, which represents the line
width enhancement through the amplitude−phase coupling
mechanism of a semiconductor material. It has been found that,
in a microcavity laser, the spontaneous emission rate and
stimulated emission rate become comparable to the carrier
equilibrium rate when the spontaneous emission factor β is
large. The resulting nonequilibrium carrier distribution brings
extra noise, and therefore the line width is enlarged.36,37 More
lasing behavior characterization results, for example, the gain
pinning (Figure S3) and a microscope image of the PL
emission (Figure S4) can be found in the Supporting
Information. The spontaneous emission spectra below thresh-
old are provided in Figure S5, showing the evolution of the
resonant mode below threshold. Although the signal-to-noise
ratio is quite low, one can still distinguish the narrowing of the
spectrum with increasing pumping level.

Figure 3b maps the InP/Si nanolaser room temperature
emission power as function of the pump energy on a
logarithmic scale. The clear discontinuity in the curve slope is
a strong signature of a laser threshold. From a classic rate
equations fitting of the measured results (solid curve in Figure
3b) we find a spontaneous emission factor β = 0.04, which
indicates that a large part of the spontaneous emission is
coupled into the laser mode. This large β is in line with the
observed low laser threshold. The threshold is obtained by
multiplying the pump intensity with the FDTD calculated
nanowire’s absorption cross-section, which is around 0.6 ×
10−12 m2 at the pumping wavelength. The measured pumped
intensity is comparable with the one previously demonstrated
in ref 21.
As already discussed above, it is found that the nonuniformly

distributed type II WZ/ZB heterostructures with different
segment thicknesses emit photons covering a wide wavelength
range (see Figure 2c). One could expect that such a broad band
gain medium could be used to demonstrate wide wavelength
tuning. In Figure 4, we plot the emission spectra measured

from three different InP/Si nanowire lasers (the spontaneous
emission curve of Figure 2c is replotted here as a reference).
Lasing over a range of 60 nm is achieved without material
composition optimization. Further study of the threshold and
spontaneous emission factor for lasers with different lasing
wavelengths can be found in Figure S2. The small threshold
variation for lasers having a similar lasing wavelength indicates
that, although the gain medium is formed by a random mixture
of crystal phases, the resultant gain spectrum does not change
much from one laser to another.
As will be shown in a later section, the resonant wavelength is

mainly determined by the lateral dimensions of the nanowire
cavity. Therefore, by controlling the growth time, it is possible
to fine-tune the lasing wavelength. We also found that the
surroundings of the nanowire (local filling factor, failure of
surrounding nanowires to grow) affects its dimensions and
hence its lasing wavelength. This is believed to be caused by the
loading effect of the epitaxial growth and provides another way
to tune the wavelength, that is, by controlling the loading effect
and the corresponding cavity dimensions by intentionally and
carefully designing the surrounding mask pattern. In addition, it
has been reported that the growth of different crystal phases
can be controlled by optimizing the epitaxial growth
conditions.34,35,38,39 This new bandgap engineering technique
may further improve the nanowire laser performance by

Figure 4. Above threshold PL spectra emitted from three different
nanolasers are plotted. The below-threshold PL spectrum measured
from the InP nanowire sample is also shown.
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matching the gain spectrum peak with the resonant optical
mode.
It has to be stressed that the demonstrated low-threshold

InP/Si laser consists purely of InP without any passivation
layers or post surface treatments. The orders of magnitude
lower surface recombination velocity of InP compared with
other III-Vs, for example, GaAs, is believed to play an important
role in the low-threshold room-temperature laser operation.
Considering the simple fabrication procedure and its robustness
over surface conditions, the demonstrated InP/Si laser may find
its place in practical applications.
To identify the optical mode that oscillates in the nanowire

cavity, simulations were performed by using commercial FDTD
software (Lumerical). The cavity dimensions were measured
directly through SEM inspection of the laser cavity shown in
Figure 1c, whose measurement results can be found in Figure
S6 (the lasing wavelength is located around 851 nm, and the
spontaneous emission factor is extracted to be 0.03). The side
edges of the hexagonal cross section and the cavity length are
measured to be 245 nm and 1.4 μm, respectively. The tilt angle
between the cavity axis and the substrate surface is 35.26°. To
obtain a value for the refractive index of WZ InP, which is not
directly available from literature, we used the Sellmeier
equation40 and the derived group index to perform a nonlinear
curve fit to the measured WZ InP group index reported in ref
35. To take into account the nonuniform distribution of the
two crystal phases along the nanowire, and considering that the
thickness of the individual segments is much smaller than the
working wavelength, we used an averaged refractive index for
the whole cavity. By FDTD simulations, we found that all of the
calculated optical modes belong to the helically propagating
mode family that has six lobes at the cross section. Due to the
missing corner of the nanowire at the bottom contact, no
Fabry−Perot mode with a reasonably high Q factor was
observed.
By analyzing the different resonant modes, we found that the

mode with the highest Q factor has a resonant wavelength very
close to the measured one. The calculated mode profile,
assuming a 30% WZ/70% ZB composition for the nanowire, is
shown in Figure 5. A helically propagating mode is identified.21

Its strong azimuthal components result in a hexagonal
whispering-gallery (WG)-like mode pattern in the transversal
plane (see Figure 5a), while its net mode propagation along the

nanowire axis forms a standing wave (see Figure 5b). In Figure
5c, we also plot the mode profile in the transversal direction at
the bottom of the nanowire. It is found that the mode profile is
not much disturbed by the direct contact with the SiO2 mask,
which proves the stability of the helical mode with respect to
perturbations at the bottom facet side. By varying the WZ
fraction in the simulated nanowire from 0% to 30%, the
resonant wavelength shifts linearly from 850 to 860 nm, which
agrees reasonably well with the experimentally recorded lasing
wavelength (851 nm). The small discrepancy is believed to
come from the inaccuracy of the SEM inspections. The cavity
exhibits a relatively small cavity Q factor (120−150), and the
calculated mode volume is around 2.5(λ/n)3. Simulation was
also performed for the case of a perfect nanowire cavitya
complete hexagonal nanowire without silicon substrate (see
Figure S1 in the Supporting Information). A one-order-of-
magnitude-higher Q factor was found for the same resonant
mode. Compared with the simulation results of the titled cavity,
the pronounced effects of the tilt of the nanowire and its
bottom contact with the substrate can be identified. Although it
is difficult to grow a vertical nanowire on a (001) substrate,
improvement of the Q factor by increasing the SiO2 trench
depth, and therefore reducing the downward leakage, is still an
option to explore.
To explain the relatively large spontaneous emission factor β

obtained, we start from its definition, the fraction of
spontaneous emission radiated into the resonant mode:

β
α

=
+
F

F (1)

with F as the Purcell factor, denoting the spontaneous emission
rate enhancement of an emitter placed in a cavity with respect
to the free-space case. F can be expressed as:

π
λ
λ

λ
=

Δ
F

n
V

3
4

( / )
2

c
3

eff (2)

with Veff and λc as the optical mode volume and the central
wavelength of the cavity mode, respectively, n is the refractive
index at the field maximum, and Δλ is the larger of either the
electron transition broadening or the cavity resonance line
width. Given the relatively low cavity Q, the Purcell factor is
estimated to be below 5 when the WZ fraction is tuned from
0% to 30% in simulations. In addition, considering the spatial,
spectral, and polarization mismatch between the active medium
and the resonant mode, the Purcell factor used in expression 1
should be replaced by an averaged spontaneous emission
enhancement factor Fave over the whole cavity.

25 Following the
simple procedure presented in ref 25, Fave is estimated close to
0.1. Therefore, the experimentally obtained high spontaneous
emission factor does not originate from an extremely high
Purcell factor.
On the other hand, from re-examining formula 1, one can

derive that even in the case where F is small a large
spontaneous emission factor can be obtained as long as α is
sufficiently small. The parameter α represents the spontaneous
emission that is coupled into the leaky modes and the nonlasing
modes that spectrally overlap with the emitter:41 α = ζ +
∑Fnonlasing. Fnonlasing is the Purcell factor of the nonlasing modes.
Considering the relatively large size of the cavity, the radiative
emission rate into leaky modes is similar to the radiative rate in
a homogeneous medium (ζ ≈ 1). On the other hand, from
FDTD simulation we find 11 resonant modes that overlap with

Figure 5. FDTD simulated mode profile of the laser cavity presented
in Figure 3. (a, b) Cross-section views of the mode profile that are
taken at the top and the bottom of the nanowire cavity. (c) Standing
wave pattern of the optical mode along the nanowire axis.
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the gain spectrum (800−1000 nm). Assuming the nonlasing
modes have a similar averaged spontaneous emission enhance-
ment factor (Fnonlasing) as the one calculated above for the lasing
mode (Fave), we can estimate α to be around 2, resulting in
spontaneous emission factor β equal to 0.05, which agrees
reasonably well with the experimental results. Therefore we can
conclude that the large spontaneous emission factor mainly
arises from the fact that only a limited number of resonant
modes are supported by the small cavity.
In summary, we have demonstrated an InP nanolaser that

operates at room temperature and can be selectively grown on a
prepatterned (001) silicon substrate without any complex
postprocessing. A unique epitaxial scheme combining the defect
necking effect with a lateral overgrowth is used to grow a short
but relatively thick nanowire cavity on silicon for photonic
applications. The nanowires are found to consist of a mixture of
ZB and WZ crystal phases. Although there is still discussion in
literature whether the twins formed between the WZ and ZB
InP crystal phases are optically active or not, the room-
temperature laser operation presented here proves that WZ/ZB
heterostructures can indeed function as an efficient gain
medium. A wide gain spectrum is obtained from randomly
distributed WZ/ZB heterostructures with different thicknesses.
Furthermore, the compact size of the nanowire cavity limits the
number of possible resonant modes, and a large spontaneous
emission factor is experimentally demonstrated. Such a
compact, robust, and silicon-integrated laser may play an
important role in many application fields such as on-chip
optical interconnects, biological sensing, and quantum
information processing.
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