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multi-quantum-well in wire structure on (001) silicon substrates
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We report the characteristics of indium gallium arsenide stacked quantum structures inside planar
indium phosphide nanowires grown on exact (001) silicon substrates. The morphological evolution
of the indium phosphide ridge buffers inside sub-micron trenches has been studied, and the role of
inter-facet diffusion in this process is discussed. Inside a single indium phosphide nanowire, we are
able to stack quantum structures including indium gallium arsenide flat quantum wells, quasi-
quantum wires, quantum wires, and ridge quantum wells. Room temperature photoluminescence
measurements reveal a broadband emission spectrum centered at 1550 nm. Power dependent photo-
luminescence analysis indicates the presence of quasi-continuum states. This work thus provides
insights into the design and growth process control of multiple quantum wells in wire structures for
high performance nanowire lasers on a silicon substrate with 1550 nm band emission. Published by

AIP Publishing. [http://dx.doi.org/10.1063/1.4972481]

I. INTRODUCTION

Replacing electrical wires with optical interconnects is
expected to alleviate the intra and inter-chip communication
bottleneck encountered by present silicon(Si)-based micro-
processors.'” Instead of incorporating inefficient Si-based
light emitters, implementation of group III-V active layers
onto Si substrates for light emission is being extensively
investigated.” Epitaxial growth of III-V nanowires and
nanostructures on Si can potentially overcome the fundamen-
tal challenges in material mismatch. Besides, the large reflec-
tive index contrast with the ambient and the distinct wire
geometry lead to intrinsic Fabry-Perot cavities that can sustain
axially guided optical modes. So far, lasing operation has
been reported in gallium arsenide (GaAs), indium phosphide
(InP), indium gallium arsenide (InGaAs), and gallium antimo-
nide (GaSb) based nanowires.® 2 However, these nanowire
lasers feature either a cleavage and transfer process to obtain
enhanced optical confinement or a vertical configuration that
is not fully compatible with the planar process in complemen-
tary metal-oxide—semiconductor (CMOS) manufacturing.
Recently, progress in selective area growth (SAG) of high
mobility III-V channel materials on pre-patterned (001) Si for
advanced CMOS has motivated the exploration of a III-V/Si
photonics platform in a similar manner."*™'® An optically
pumped room-temperature distributed feedback laser array
using bulk InP monolithically grown on (001)-silicon was
recently demonstrated.'” However, compared to bulk materi-
als with limited gain, quantum structures with modified den-
sity of states (DOS) are preferred to obtain low threshold and
improve temperature stability. Moreover, extending the lasing
wavelength to 1550nm would open enormous opportunities
for on-chip communications.
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Previously, we reported single InGaAs quasi-quantum
wire embedded inside InP nanowires on (001) Si emitting in
the 1550 nm communication band.'® Here, through detailed
transmission electron microscope (TEM) investigation of the
facet evolution of InP nanowires inside sub-micron trenches
on Si, we are able to demonstrate InGaAs/InP multi-quan-
tum-wells in wire structures with enhanced optical proper-
ties. In the past, there have been extensive theoretical studies
on the mechanism of facet evolution in SAG processes on
nonplanar substrates based on the self-limiting growth pro-
file."”*! Various low dimensional III-V nanostructures have
also been experimentally explored, such as flat and ridge
quantum wells inside sub-micron trenches,'>?*** V-groove
and ridge quantum wires.>>~° However, experimental study
of facet evolution of planar InP nanowires inside sub-micron
trenches on (001) Si is still lacking. In this work, using
inserted InGaAs multi-quantum wells as growth markers, we
discovered a transient behavior of the (001) facet in the InP
ridge structure, which is found related to the contact of the
InP (111) plane with the SiO, spacer sidewalls. This allows
us to obtain various InGaAs quantum structures inside the
InP nanowires, including flat quantum wells, quasi-quantum
wires, quantum wires, and ridge quantum wells. This study
here thus provides important insights into the design and fab-
rication of long-wavelength nanowire lasers on exact (001)
Si substrates.

Il. MATERIAL GROWTH

We grew the InP nanowires and embedded multi-
InGaAs quantum structures on stripe patterned (001) p-type
Si substrates (150nm thick SiO,, 800nm line pitch, and
300nm openings) using a metal-organic chemical vapor
deposition (MOCVD) system with a horizontal reactor
(AIXTRON 200/4). The sub-micron trenches were aligned
along the [110] direction. Diamond shaped pockets enclosed

Published by AIP Publishing.
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by Si {111} surfaces were formed through KOH anisotropic
wet etching (45% concentration at 70 °C) to achieve single
domain growth and thus to avoid the formation of anti-phase
boundaries (APBs). The growth is schematically summarized
in the temperature vs time profile shown in Fig. 1. After a
thermal cleaning procedure at 800 °C to desorb the residual
native oxide at surfaces of the Si enclosure, a low tempera-
ture (LT) GaAs nucleation layer was deposited at 400°C
using triethylgallium (TEGa) as the group-III precursor and
tertiarybutylarsine (TBA) as the group-V precursor. This
ultra-thin GaAs nucleation layer provides a good coverage of
the initial Si surfaces and serves as a strain reduction buffer
for the subsequent InP growth. A three-step InP growth pro-
cedure was adopted in our experiment. First, the LT-InP
nucleation layer was grown at 450 °C with trimethylindium
(TMlIn) and tertiarybutylphosphine (TBP) as group-III and V
precursors, respectively. Then, the reactor temperature was
ramped up to 550 °C. Growth of InP at this temperature con-
tinued until the InP layer was flush with the Si (111) corner
as indicated by the red line in the inset of Fig. 1. The remain-
ing InP layer together with the inserted InGaAs quantum
structures was carried out at 600 °C.

lll. RESULTS AND DISCUSSION

Scanning electron microscope (SEM) analysis was car-
ried out to study the morphological evolution of the InP
nanowires at different growth stages. Fig. 2(a) displays a 70°
tilted-view SEM image of the initial LT- GaAs nucleation
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layer at the (111) Si sidewalls, indicating the formation of
high density islands along the sloped Si surface as shown by
the green dotted line. A high resolution TEM image of the
V-groove bottom after the InP/GaAs growth is presented in
Fig. 2(b). The large GaAs/Si lattice mismatch was accommo-
dated by a few layers of stacking faults. Fig. 3(a) reveals the
surface morphology of the InP nanowires after the 550°C
layer growth, with an uneven surface resulting from the coa-
lescence of the initial InP islands. InP clusters were formed
during the LT-InP nucleation stage and these clusters would
further develop into large InP islands during the HT-InP
growth.>' Continued growth would lead to the inevitable
coalescence of the large InP islands confined in the trenches.
Note that the slight pattern tilting in Fig. 3(a) is an artifact of
the SEM imaging. Fig. 3(b) displays the semi-rhombic
shaped InP nanowires after the 600 °C deposited InP, show-
ing flat (001) top facets and smooth (111) side facets. As
growth was prolonged in Fig. 3(c), the {111} sidewalls of
InP started to contact the SiO, sidewall.

We inserted multiple InGaAs quantum structures after
formation of the InP ridges. Cross-sectional TEM images of
one sample (QS-1) recorded from the plane perpendicular to
the nanowire array are shown in Fig. 4. Fig. 4(a) showing the
entire wire in the pocket illustrates that most of the defects
generated at the III-V/Si interface are confined within the
lower diamond-shaped pocket, while the upper position of
the InP nanowire is less defective. Figs. 4(b)—4(d) present
zoomed-in TEM images of the four InGaAs quantum struc-
tures. The InGaAs layers exhibit crescent shape due to the

FIG. 2. (a) 70° tilted-view SEM image
of the LT-GaAs layer on the initial Si
(111) surfaces, showing the complete
coverage. (c) High resolution TEM
image of the initial LT-GaAs layer on
the Si enclosure after the InP nanowire
growth.
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presence of nonplanar facets. From bottom to top, we
observe a transition of the InGaAs insert from quantum wells
to quasi-quantum wires with decreasing lateral dimensions.
In the meantime, the stacked InGaAs layers serve as excel-
lent markers for the interpretation of the facet evolution dur-
ing the SAG process. While the size of (111) facets kept
increasing, a different trend was observed for the (001) facet.
From the bottom quantum well to the top quasi-quantum
wire, the (001) facet decreases in the lateral dimension until
complete disappearance. The minimization of the (001) facet
in this stage is to avert direct contact with SiO, sidewalls
and thus minimize the total surface energy. After the upper
most InGaAs quasi-quantum wire was formed, subsequent
growth led to inevitable contact of the InP with the SiO,
sidewalls. Since the surface energy of the (001) facet is
smaller than that of the (111) facet, the inclination to mini-
mize total surface energy at this stage leads to the reappear-
ance of (001) facet. The size of the (001) facet would keep
increasing until reaching the final self-limiting shape.

During the SAG, both inter-facet diffusion and external
flux contribute to the facet evolution. Since external flux was
kept constant during the whole growth process, the diffusion
of adatoms under the same growth pressure and temperature
was also identical. We believe that the difference in inter-
facet diffusion led to the vanishing and reappearance of the
(001) facet. As shown in Fig. 4(e), before the InP (111) plane
was in contact with the SiO, sidewalls, adatoms diffused
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FIG. 3. (a) SEM image of the InP
nanowire after the first HT-InP layer.
Surface fluctuation indicates the coa-
lescence of the InP islands. (b) SEM
image of the InP nanowire after the
second HT-InP layer, showing semi-
rhombic geometry and flat facets. (c)
InP nanowire after prolonged growth
time, indicating deviation from rhom-
bic shape and contact between (111)
plane InP and the SiO, sidewall.

from the (111) facet to the (001) facet, resulting in a higher
growth rate of the (001) facet and therefore a decreasing
facet size. With continued growth, after filling up the pocket
and InP contacting with SiO, spacer, the InP/Si0O, interfacial
energy began to contribute to the total surface energy. The
direction of inter-facet diffusion reverses, leading to the ree-
merging of the (001) facet and subsequent increasing facet
size.

To investigate further, we postponed the insertion of the
stacked InGaAs wells in another sample (QS-2), to study the
growth behavior after the added effects of the interfacial
energy. The cross-sectional TEM images from QS-2 are
shown in Fig. 5. Four InGaAs quantum structures can be
clearly identified, with the first two formed before and the
last two after the involvement of InP/Si0O, interfacial energy.
The involvement of the interfacial energy was evidenced by
examining the contact between the (111) ridge quantum well
and the SiO, sidewall. As seen in Fig. 5(b), the InP barrier
between the second and third InGaAs quantum structure is
76 nm high along the [001] direction and less than 2 nm wide
along the [111] direction, implying a huge preference of
growth on the (001) plane over the (111) plane. On the con-
trary, the final InP cap layer is 4nm high along the [001]
direction and 20nm wide along the [111] direction. The
reversed growth preference for different facets further sub-
stantiates our previous discussion on the role of interfacial
energy and inter-facet diffusion.
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InP/ SiO, Contdl

FIG. 4. (a) Cross sectional TEM image
of the InP nanowire with inserted
InGaAs quantum structures (QS-1) (b)
Zoomed-in TEM image, showing the
details of the quantum structures.
Thickness of InP interlayer is labeled
(c) Zoomed-in TEM image of the cen-
ter of the quantum structures with
thickness marked. (d) High resolution
TEM image of the top InGaAs quasi-
quantum wire, indicating the complete
disappearance and reemerging of (001)
facet. (e) Schematic of the inter-facet
diffusion before and after (111) plane
InP contacts with SiO, sidewall.

Inter-facet diffusion

Before contact

Fig. 5(c) presents a zoomed-in view of the last two
InGaAs quantum structures in QS-2. Crescent-shaped InGaAs
quantum wire was obtained with a thickness of 8 nm and a
width of 20 nm near the top of the wire. A 2nm InGaAs ridge
quantum well was formed simultaneously along the (111)
facet. We expect a lower indium fraction at the junction of the
crescent quantum wire and the ridge quantum well, since
indium adatoms are inclined to escape from high curvature
regions.'® Therefore, quantum confinement from both vertical
and lateral directions is expected for the center region of the
quantum wire. Fig. 6 presents a zoomed-in TEM image of
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After contact

these ridge InGaAs quantum wells. Four ridge quantum wells
can be clearly observed with increasing length and decreasing
thickness. Up to this point, we have been able to grown vari-
ous InGaAs quantum structures at different positions of the
InP nanowire. The transition from the quantum well, to the
quasi-quantum wire, and finally to the quantum wire is clearly
evidenced by the TEM characterization. The evolution of
facet size and the change in growth rate are summarized in
Figs. 7(a) and 7(b), respectively. The facet sizes of both (001)
and (111) facets were measured using the presented high reso-
lution TEM images. As discussed earlier, the trend in both
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facet size and growth rate would reverse when the InP (111)
plane contacts the SiO, sidewall. Note that the growth rate of
(111) plane InP drops slightly, as indicated in Fig. 7(b). This
could be due to the increase of overall growth surface area
while external flux was kept constant.

1 nm (6 sec) InGaAs

FIG. 6. High resolution TEM image of the ridge InGaAs quantum wells
along the (111) direction. Thickness is labeled.
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FIG. 5. (a) Cross sectional TEM image
of the InP nanowire with four embed-
ded InGaAs quantum structures (QS-
2). (b) Zoomed-in TEM image, show-
ing the details of the quantum struc-
tures. Thickness of the InP interlayer is
labeled. (c) High resolution TEM
image of the InGaAs quantum wire
with 8 nm thickness and 20 nm width.

The optical properties of these quantum structures were
investigated through room-temperature macro-PL measure-
ments using a laser source emitting at 671 nm (spot size
around 100 um in diameter) and a germanium detector.
During each measurement, about 125 InP nanowires were
excited and the obtained PL spectrum represented the collec-
tive PL signal of these 125 InP nanowires. Fig. 8(a) displays
the PL spectra measured at 0.75 mW laser power. The cen-
tral emitting wavelengths of the two stacked quantum struc-
tures (QS-1 and QS-2) are all situated at 1550 nm. A broad
PL spectrum was obtained due to the inhomogeneity of both
thickness and indium fraction. Besides, the interface fluctua-
tion and uneven indium distribution might lead to localiza-
tion of carriers and render a quantum-dot like behavior,
which would further broaden the emission spectrum. A sche-
matic of the conduction band minimum and valance band
maximum in different regions of the quantum structures
leading to the spontaneous emission process is sketched in
Fig. 8(b). The central region of the quantum wire has a lower
conduction band minimum, resulting from a larger wire
thickness and a higher indium fraction. Theoretically, the
density of states of quantum wires with strong quantum con-
finement from both vertical and lateral directions exhibits
spike-like shape. However, in this case, we expect a quasi-
continuum density of states in these quantum structures due
to the overlapping states, as indicated in Fig. 8(c).*?

Power dependent PL measurements have been per-
formed for both samples QS-1 and QS-2. Figs. 9(a)-9(c) plot
the integrated PL intensity, full width at half maximum
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the incident excitation laser power, respectively. A mono-
tonic increase of integrated PL intensity can be observed as
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integrated PL intensity is power dependent.’® As shown in
Fig. 9(b), a broadening of the line-width was observed when
the pump power increases. In the multi-InGaAs quantum
structures, the central region of the quantum wire serves as a
“sink” of the excited carriers. At high incident power den-
sity, recombination of higher energy carriers from the edge
region and ridge quantum wells resulted in the broadened
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emission spectrum. Owing to the larger degree of thickness
inhomogeneity and larger size of ridge quantum wells, the
FWHM of QS-2 is greater than that of QS-1 at all incident
powers. The emission from higher energy levels also led to a
blue shift of the central emitting wavelength, as evidenced
by Fig. 9(c). For the eventual application as laser sources
compatible with the COMS process, the FWHM of the PL
spectrum should be reduced. Possible paths include ensuring
identical thickness for the inserted InGaAs layers, elevating
the insertion position for better defect necking effect, and
tuning the growth parameters to improve the crystalline qual-
ity of the InP buffer layer.

IV. CONCLUSIONS

In conclusion, we have demonstrated the growth of
highly ordered horizontal InGaAs/InP multi-quantum-wells
in wire structures on exact (001) Si substrates. The morpho-
logical evolution of the InP nanowires inside sub-micro
trenches was carefully examined through detailed SEM and
TEM analysis. We observed the complete disappearance and
reappearance of the (001) facet related to the emergence of
III-V/sidewall interfacial energy. Various InGaAs quantum
structures were thus formed inside a single InP nanowire.
Power dependent PL measurements indicate potentially use-
ful optical properties at the 1550 nm communication band.
This result provides an excellent material basis for the fabri-
cation of high performance nanowire lasers onto a (001) Si
platform.
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