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1550-nm InGaAsP multi-quantum-well structures selectively grown

on v-groove-patterned SOI substrates

Ludovico Megalini,"® Bastien Bonef,? Brian C. Cabinian,? Hongwei Zhao,' Aidan Taylor,?
James S. Speck,? John E. Bowers, ' and Jonathan Klamkin'
'Electrical and Computer Engineering Department, University of California, Santa Barbara,

California 93106, USA

*Materials Department, University of California, Santa Barbara, California 93106, USA
(Received 24 April 2017; accepted 4 July 2017; published online 18 July 2017)

We report direct growth of 1550-nm InGaAsP multi-quantum-well (MQW) structures in densely
packed, smooth, highly crystalline, and millimeter-long InP nanoridges grown by metalorganic
chemical vapor deposition on silicon-on-insulator (SOI) substrates. Aspect-ratio-trapping and selec-
tive area growth techniques were combined with a two-step growth process to obtain good material
quality as revealed by photoluminescence, scanning electronic microscopy, and high-resolution
X-ray diffraction characterization. Transmission electron microscopy images revealed sharp MQW/
InP interfaces as well as thickness variation of the MQW layer. This was confirmed by atom probe
tomography analysis, which also suggests homogenous incorporation of the various III-V elements
of the MQW structure. This approach is suitable for the integration of InP-based nanoridges in the
SOI platform for new classes of ultra-compact, low-power, nano-electronic, and photonic devices for
future tele- and data-communications applications. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4994318]

Semiconductor nanowires have attracted considerable
attention for a wide variety of applications including optical
data communications, quantum information, energy harvest-
ing, and medical/biological diagnosis. In addition, if gain
materials are incorporated, nanowires could be fabricated
into nanolasers, and their reduced geometrical size can offer
advantages compared to their equivalent bulk counterparts.
Such advantages include higher density of states and conse-
quently higher optical gain,"* lower threshold current’ and
temperature sensitivity,* smaller linewidth, and higher mod-
ulation bandwidth.’ Early reports described structures based
on binary semiconductor nanowires covering the wavelength
spectrum from the UV® to the near-infrared.” Nanowires
fabricated from bulk III-V substrates and containing multi-
quantum-well (MQW) structures® and quantum dots (QDs)’
were also proposed to independently optimize both the gain
medium and the optical cavity.

More recently, InGaAs MQW structures embedded in
horizontal GaAs'® and InP'""'? nanowires were grown on pat-
terned Si. Integrating these devices on Si by direct hetero-
epitaxy is of great interest for silicon photonics and on-chip
interconnect applications. Although flip-chip and wafer bond-
ing techniques are currently more mature, monolithic solu-
tions are preferred for large-scale manufacturing and to
fabricate compact and complex photonic integrated circuits.'?
Direct growth of high-quality III-V materials on Si, however,
poses extraordinary challenges due to the large difference in
lattice constants, polarity, and thermal expansion coefficient
of these crystals, which result in a high density of defects,
including anti-phase boundaries, twins, stacking faults, and
threading and misfit dislocations. These can strongly degrade
the quality of the hetero-epitaxy and ultimately limit the
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performance and reliability of the devices. Metalorganic
chemical vapor deposition (MOCVD) selective area growth
(SAG) combined with aspect ratio trapping (ART) appears to
be particularly promising to overcome these issues while pro-
ducing high material quality on a large scale and with high
yield. However, fabricating nanolasers grown on v-groove-
patterned Si substrates [Fig. 1(a)] presents several difficulties
that relate to the optical mode leakage into the thick Si sub-
strate [Fig. 1(b)]. Etching the Si below the nanodevice, which
is thus left suspended, adds further thermal, electrical injec-
tion, and mechanical stability problems.'*'> By contrast,
these issues are not present if the structure is grown on v-
groove-patterned silicon-on-insulator (SOI) wafers [Fig. 1(c)].

(@) ¢

n-InP

y (um)

- si
substrate

-3 >
-0.3-0.1 0.1 0.3
X (pm)

—_
(2)
~

n-InP

SiO.

y (um)

2

Si
substrate

0.3-01 01 0.3
X (1m)

FIG. 1. (a) Schematic of nanolaser grown on v-groove-patterned Si substrate
and (b) relative first TE mode profile showing high optical leakage into the
Si substrate, (c) schematic of nanolaser grown on v-groove- patterned SOI
substrate, and (d) relative first TE mode profile showing good confinement
in the nanowire active region.
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The corresponding first TE mode [Fig. 1(d)] is sufficiently
confined compared to the same device structure grown on a Si
substrate (confinement factor of 13.4% on SOI compared to
1.2% on Si). Growing structures on SOI can therefore broaden
the laser design space'® and may also improve material qual-
ity by leveraging mechanical and thermal benefits.'” !

In this work, 1550-nm MQW structures in densely
packed, smooth, highly crystalline, and millimeter-long hori-
zontal InP nanoridges were grown by MOCVD on SOI sub-
strates. The SOI has a thickness of 500nm and is lightly
p-type doped, and the buried oxide (BOX) layer has a thick-
ness of 1um. After deposition of a 500-nm-thick SiO,
film on the Si device layer by plasma-enhanced chemical
vapor deposition (PECVD), 3-mm-long and 200-nm-wide
800-nm-pitch stripes oriented along the [110] direction were
patterned by deep ultraviolet (DUV) lithography and etched
by inductively coupled plasma etching (ICP) using conven-
tional CF,/CHF;-based chemistry. The wafers were then
diced to 2 x 2 cm? pieces. Following RCA-1 cleaning, the Si
device layer was etched with dilute potassium hydroxide
(KOH) at 70°C to form v-grooves and to expose the {111}
Si surface for growth and to prevent the formation of anti-
phase domain defects.”> A small undercut formed at the Si/
Si0, interface was found to be beneficial®? [Fig. 2(a)] to cap-
ture most of the stacking faults propagating from the Si
device layer into the III-V layer [Fig. 2(b)]. The Si native
oxide was removed before growth by rapid immersion in
buffered hydrofluoric (BHF) acid followed by annealing
in the MOCVD chamber at 825°C for 25min in H, at
50 Torr. Trimethylindium (TMIn) and trimethylgallium
(TMGa), Tertiarybutyl arsine (TBAs) and Tertiarybutyl phos-
phine (TBP) were used as group III and V precursors during
the entire growth, Diethylzinc (DEZn) and Disilane (Si,Hg) as
p- and n-dopant sources, respectively. Two thin low-
temperature nucleation layers (20 nm in total) of GaAs were
deposited at 410°C and at 430°C with V/III ratios of 6 and
12, respectively, which in this surface-reaction limited regime
were found to produce a thin and conformal layer on Si with

FIG. 2. (a) and (b) Cross-sectional HR-TEM images showing defects trap-
ping by the Si undercuts, (c) Nomarski differential interference contrast
(DIC), and (d) and (e) SEM plain-view images of the InP nanowires showing
good height uniformity and surface morphology.
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very high selectivity between Si and SiO,. A low-temperature
InP nucleation layer was also deposited at 430 °C with a V/III
ratio of 628; a high V/III ratio for InP has been suggested** to
obtain full and uniform coverage of the trenches.”> Next, two
high-temperature, highly crystalline InP layers were deposited
at 550°C, and at 600 °C with V/III ratios of 40 and 89, respec-
tively. Finally, 1550-nm InGaAsP quantum wells and barriers,
followed by an InP layer 400 nm thick were grown, both at
650°C. The growth rate of the high-temperature InP layers
above and below the MQW structure was 3.72 A/s estimated
from previous calibrations on planar InP substrates, the
growth pressure was between 350- and 375 Torr for all layers.
The as-grown InP horizontal nanowires were ~1.3 um thick
and exhibit a good height uniformity over a wide area [Fig.
2(c)] while demonstrating flat (001) and smooth (111) surfa-
ces as observed in the plan-view scanning electron micros-
copy (SEM) images [Figs. 2(d) and 2(e)]. The high crystal
quality of these structures was confirmed by high-resolution
X-ray diffraction (XR-XRD) using a Philips PANalytical sys-
tem operated at a voltage of 40kV and a current of 45 mA.
The ®-20 scan around the (004) InP Bragg reflection clearly
shows the InP peak at 31.54° along with the Si device layer at
34.43° and the Si substrate peak at 34.68° [Fig. 3(a)]. The
angular separation of the two Si layers is unique to bonded
wafers as it corresponds to the tilt between the layer and sub-
strate Si planes,”® and in fact, it is not seen in SIMOX (separa-
tion by implanted oxygen) wafers since in that case the two
layers emerge from the same bulk crystal and thus are per-
fectly aligned.”” The MQW manifest as a small hump on the
left side of the InP peak and are more clearly visible in the
(004) reciprocal space map (RSM) below the InP peak [Fig.
3(b)]. The layer appears to be under compressive strain, simi-
larly to what is observed when the same layer is grown on a
planar InP substrate. However, the typical strain-induced
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FIG. 3. (a) »-20 scan centered on (004) InP Bragg reflection showing the
InP, Si-device layer and Si substrate peak, and (b) (004) InP w-rocking curve
scan along the parallel and perpendicular direction of the InP nanowires.
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interference fringes occurring on planar growth are not clearly
visible possibly because of the layer triangular shape and the
different strain mechanism occurring in the patterned SOI sub-
strates. This can also affect the direct gap energy.”® Although
interesting, the mechanism for the strain accommodation in
this particular structure is not the scope of this letter. To fur-
ther assess the quality of the InP layer, w-rocking scans were
performed across the (004) InP, and the FWHM was measured
to be 633 arc sec and 688 arc sec when the line-focused x-ray
beam was aligned parallel and perpendicular to the InP nano-
wires, respectively [Fig. 3(inset)]. These values are in the
same range of similar InGaAs MQW in InP nanowires struc-
tures grown on Si*>*° and indicate a slight unequal distribu-
tion of the defects along the [1-10] and [110] direction.

Figure 4 shows a strong room-temperature photolumi-
nescence (PL) emission at 1555.7nm emanating from the
MQW structure under a laser pump power density of
20.5 W/cm?. The measured PL FWHM is 135nm. At lower
pump power the spectrum was broader because at high exci-
tation intensities the influence from defects is less pro-
nounced due to saturation. Inhomogeneous spectrum shape
broadening and changes in wavelength peak emission were
also observed on different sample spots. These can be attrib-
uted to the relatively poor shape uniformity of the MQW
layer observed over multiple fins as shown in the cross sec-
tion FIB-SEM image of Fig. 5(a). The morphology of the
nanowires was also investigated by cross-section transmis-
sion electron microscopy (TEM) analysis. The sample was
imaged with a FEI Tecnai G2 Sphera operated at 200kV in
high resolution (HR) and bright field (BF) TEM modes.
From cross-sectional HR-TEM images, the MQW and the
p-InP layer appear free of any significant crystalline defects,
which appear mostly localized within the first ~25 nm of the
GaAs/InP layer and at the Si recess under the SiO,. Figure
5(b) shows a BF-TEM image of a nanowire displaying a
good and symmetric morphology. On this image the MQWs
appear darker in color than the InP layers. The MQW appear
thicker on the {001} surface compared to the {111} facets as
observed on BF-TEM images of the {001} surface and the
(11-1B) facet, respectively, displayed in Figs. 5(c) and 5(d).
The distinction between QWs (lighter contrast) and barrier
layers (darker contrast) can be clearly made both on the
{111} facets and the {001} surface with well-defined interfa-
ces. The MQW have different thicknesses as shown in Figs.
5(c) and 5(d), in particular, it was noticed that the thickness
of both the barriers and wells decreased along the growth

Intensity (a.u.)

1350 1400 1450 1500 1550 1600 1650 1700
Wavelength % (nm)

FIG. 4. PL emission showing emission at 1567 nm from the MQW structure
inside the InP nanowires grown on the v-groove patterned SOI.
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FIG. 5. (a) FIB-SEM Cross-section images of InP nanowires showing regu-
lar morphology. (b) BF-TEM image of a single nanowire with a good sym-
metry. BF-TEM images of the QWs and the barrier layers in (a) the (001)
surface and (b) the {11-1B} facet. Dark colored layer is the barrier, light col-
ored is quantum well.

direction as also reported in Ref. 10 for InGaAs MQW
embedded in GaAs nanoridges. Little thickness fluctuations
are observed between the (111B) and (11-1B) facets [Fig.
5(b)]. This trend was observed in all the nanowires imaged
in TEM. The thickness variation result in a spectrum inho-
mogeneous broadening, which consequently would limit the
gain of eventual final devices.*® A more uniform QW thick-
ness can be achieved by carefully adjusting the growth time
of each QW as well as their position within the nanowire.
Once all the growth parameters of the full stack are properly
optimized, the growth preference towards the {001} surface
would be desirable because the carriers of the MQW depos-
ited along the {111} facets, if these are too thin, tend to be
pushed up towards the In-rich flat central region.>'*? This
additional lateral quantum confinement can result in an
increase of the radiative recombination, which in turn may
potentially improve device performance.”

The quality of the MQW interfaces and the composition
of each QW were evaluated by atom probe tomography
(APT). This technique is preferred to secondary ion mass
spectroscopy (SIMS) depth profiling because of the small
size of the nanowires. An APT specimen was prepared with
a FEI Helios 600 dual beam FIB instrument following the
standard procedure with final FIB voltage down to 2kV to
minimize Ga induced damage.’® The milling of the APT
specimen was optimized to obtain a sharp tip extracted in a
symmetric nanowire. APT analyses were performed with a
Cameca 3000X HR Local Electrode Atom Probe (LEAP)
operated in laser-pulse mode (13 ps pulse, 532nm green
laser, 10 um laser spot size) with a sample base temperature
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FIG. 6. (a) 3D reconstruction of the

APT tip showing the MQW and III
o and V site atoms, and (b) relative com-

position profiles of 20 x 20 x 135 nm>
'a sampling volume containing the QWs
and along the growth direction.

of 40K. The laser pulse energy was set to the minimum
allowed value at 0.1 nJ. A detection rate of 0.005 atoms
pulse ' was set during the analysis. APT 3D reconstruction
was carried out using the commercial software IVAS™. The
reconstruction is optimized by using the SEM image of the
tip as a reference.35 Figure 6(a) shows a 3D reconstruction
of the APT tip where the MQWs are clearly visible. The
{001} surface and the {111} facets can be seen with the
symmetry between the (111B) and the (11-1B) facets being
respected. Both p- and n-InP doped layers can also be
observed, and Si dopant ions could be seen in the APT mass
spectrum. Zn signal which should be observed in mass
ranges [32-35] and [64-70] in the APT mass spectrum was
not detected probably because of its overlap in the APT mass
spectrum with the thermal tails originating from the evapora-
tion of P* at 31 amu and P** at 62 amu. The III-V elements
concentration profile drawn with a moving step of 0.2nm
along a 20 x 20 x 135nm’ sampling volume extracted per-
pendicular to the MQW interfaces and along the growth
direction is shown in Fig. 6(b). On this profile, the interfaces
are sharp enough to make a clear distinction between the
QWs and the barrier layers. It is however not possible to con-
clude on whether the bottom interfaces (QW on barrier) are
sharper than the top interfaces (barrier on QW) as a clear
trend is not observed. It is still worth noting that the bottom
interface of the first buffer layer is sharper than the top inter-
face of the last barrier layer where the diffusion of Ga and As
is observed 10 nm in the p-doped InP layer. Compositions are
calculated as III site and V site atomic fraction in the QWs
and the barrier layers [i.e.,: In/(In+ Ga), Ga/(In+ Ga), P/
(P + As), and As/(P+ As)] and displayed in Table I. Ga and
In fractions have little fluctuations between the wells and
the barriers. The average values over the region of interest
are 0.32 = 0.01 and 0.68 = 0.01, respectively, for Ga and In.
In growth order, the peak As fractions in the QWs are
0.85x0.01, 0.84 =0.01, 0.86 = 0.01, and 0.83 = 0.01. The
As incorporation in the barrier layers is constant and around
0.56 = 0.01. Using the model of Ref. 28, a structure with this
composition grown on a planar InP substrate would yield a
bandgap within 3% of the PL emission measured in this
work. APT revealed that, despite the difficulty of growing
the active region on non-planar feature,*® a homogenous
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TABLE 1. IIT site and V site atomic fraction in the QWs and the barrier
layers.

III and V site fraction Ga In As P

1st barrier 0.25 0.75 0.54 0.46
st well 0.38 0.62 0.85 0.15
2nd barrier 0.28 0.72 0.55 0.45
2nd well 0.38 0.62 0.84 0.16
3rd barrier 0.30 0.70 0.56 0.44
3rd well 0.35 0.65 0.86 0.14
4th barrier 0.28 0.72 0.61 0.39
4th well 0.35 0.65 0.83 0.17
5th barrier 0.31 0.69 0.54 0.46

incorporation of the different elements can still be obtained
between the QWs by properly selecting the growth parame-
ters. In spite of the good top surface morphology of the InP
nanowires, further improvement in material quality should be
achieved for actual device fabrication.

In conclusion, 1550-nm MQW structures on SOI sub-
strates were grown by MOCVD using the ART technique
and SAG. Special v-groove patterning of the Si device layer
was used to trap most of the defects at the Si/SiO, interface,
rendering the MQW and the upper III-V layers nearly defect
free. Future work will focus on improving the epitaxial mate-
rial quality, in particular, that of the MQW layers. Although
SOI can provide a solution to the optical leakage loss of Si
substrates, designing and fabricating nanolasers grown
hetero-epitaxially remains challenging. In particular, it is not
trivial to design a doping profile that can ensure good carrier
injection and electrical contacts, while minimally disturbing
the optical mode of the nanolaser. The presented approach,
however, appears promising for new classes of ultra-small,
low-power, nano-electronic and photonic devices on SOI for
future tele- and data-communications applications.
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