Nanopillar Lasers Directly Grown on
Silicon with Heterostructure Surface

Passivation

Hao Sun,™ Fan Ren,” Kar Wei Ng," Thai-Truong D. Tran,” Kun Li," and Connie J. Chang-Hasnain™*

*Department of Electrical Engineering and Computer Sciences, University of California at Berkeley, Berkeley, California 94720, United States, and *Department of
Electronic Engineering, Tsinghua University, Beijing, 100084, People's Republic of China

ABSTRACT

10000

8000

4000 -

PL Intensity (cps)

2000

—— Below threshold
—— Above threshold

115 120 125 130 135 140 145 1.50
Photon Energy (eV)

Single-crystalline wurtzite InGaAs/InGaP nanopillars directly grown on a lattice-mismatched silicon substrate are demonstrated. The nanopillar growth is in

a core—shell manner and gives a sharp, defect-free heterostructure interface. The InGaP shell provides excellent surface passivation effect for InGaAs

nanopillars, as attested by 50-times stronger photoluminescence intensities and 5-times greater enhancements in the carrier recombination lifetimes,

compared to the unpassivated ones. A record value of 16.8% internal quantum efficiency for InGaAs-based nanopillars was attained with a 50-nm-thick

InGaP passivation layer. A room-temperature optically pumped laser was achieved from single, as-grown InGaAs nanopillars on silicon with a record-low

threshold. Superior material qualities of these InGaP-passivated InGaAs nanopillars indicate the possibility of realizing high-performance optoelectronic

devices for photovoltaics, optical communication, semiconductor nanophotonics, and heterogeneous integration of Ill—V materials on silicon.
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aAs-based materials are prevalentin

the optoelectronics industry, with

extensive deployments in semicon-
ductor lasers, photovoltaics, and high-
frequency electronics.~* The highest con-
version efficiencies of single-junction solar
cells are also attained with GaAs-based
material,>~’ as it exhibits a direct band
gap and large absorption coefficient. How-
ever, the high cost of GaAs substrates is well
recognized as one of the most critical issues
to the wide development of these materials.
There have been many recent successes
in direct growth of GaAs-based nanostruc-
tures on silicon substrates, which can
greatly reduce substrate costs.2 ' Another
major challenge to realize high-perfor-
mance GaAs-based devices lies in its high
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surface recombination velocity (SRV). It was
reported that the SRV of GaAs is ~1000
times higher than InP-based material.'*'3
This problem becomes more detrimental
for nanostructures, which are more vulner-
able compared to thin film bulk materials,
due to the significantly higher surface-
to-volume ratios directly resulting in
low internal quantum yields. The perfor-
mances of GaAs-based nanostructure de-
vices have so far been inferior to those of
planar counterparts.>” Therefore, it is ex-
tremely necessary to passivate the surface
states of nanostructures to enhance device
performances.

There has been intense research on sur-
face passivation techniques to increase
photo/electroluminescence intensity using
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AlGaAs, GaAsP, or InGaP as a surface passivation
layer for GaAs-based nanostructures, between which
lattice constants are nearly matched.®'%'*~"¢ How-
ever, most of the investigations focused on nanowires
grown on native GaAs substrate.'*'® In addition, there
is a lack of detailed study of material qualities with
different surface passivation materials, structures, and
dimensions. All these parameters ultimately contribute
to the device performances with such complex hetero-
structures in nanoscale dimensions. Thus, it is particu-
larly important and meaningful to gain some insight
into the physical properties, in order to accelerate the
employment of novel nanostructures into optoelec-
tronic devices, such as nanolasers and solar cells.

Recently, we reported a new metastable growth
mode of InGaAs/GaAs core—shell nanopillar lasers
grown directly on a silicon substrate using low-
temperature metal—organic chemical vapor deposi-
tion (MOCVD)." "' This catalyst-free growth mech-
anism produces self-assembled, single-crystalline
wurtzite-phased material with very high crystal quality
and growth controllability. The core—shell growth
allows for scaling the pillar diameters from nanometer
to micrometer dimensions while still preserving the
single-crystalline wurtzite phase, despite the large
lattice mismatch with the silicon substrate.®® This
alleviates the large surface-to-volume ratio constraint
that nanowires commonly suffer from. It also enables
the formation of a great range of radial heterostruc-
tures and quantum wells.2' Most importantly, the
radial heterostructures become more tolerant to lattice
mismatch, since the three-dimensional geometry and
small size allow for efficient elastic strain relaxation.??
In addition, the catalyst-free growth and the low
growth temperature between 400 and 450 °C make
this growth method very promising for monolithic
integration of Ill-V nanolasers on silicon with the
standard CMOS process.'® However, despite of all the
advantages discussed above, the internal quantum
efficiency (IQE) for GaAs-passivated InGaAs pillars is
still quite low, making it a major deficiency for device
applications.

In this work, we report InGaP-passivated InGaAs
nanopillar lasers grown directly on a silicon substrate.
High-quality single-crystalline wurtzite InGaAs/InGaP
material as well as defect-free heterostructure inter-
faces were successfully demonstrated. We prove that
InGaP is more effective than GaAs as surface passiva-
tion material for InGaAs nanopillars, as attested by the
following observations. The InGaP-passivated InGaAs
structure shows up to 50-times boost in photolumines-
cence (PL) intensities and 5-times enhancement in the
carrier recombination lifetimes, compared to the un-
passivated nanopillars. These improvements are attrib-
uted to a larger band offset between InGaP/InGaAs
acting as a barrier to prevent carriers from reach-
ing and recombining at the surface. A significant
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improvement on IQE of 16.8% was attained at high
excitation levels, compared with only ~3% from
GaAs- or AlGaAs-passivated pillars. Room-temperature
lasing oscillation from single as-grown nanopillars was
achieved with a very low threshold under optical
pumping. These superior optical properties of wurtzite
InGaAs/InGaP heterostructure nanopillars on silicon
would significantly broaden the range of applications
for nanostructures.

RESULTS AND DISCUSSION

Core—Shell InGaAs/InGaP Nanopillars in Wurtzite Phase.
Catalyst-free, defect-free single-crystalline wurtzite
InGaAs/InGaP nanopillars are directly grown on silicon
substrates. The smooth surface morphology of a typi-
cal nanopillar grown vertically on a (111)-Si substrate is
shown in a side-view scanning electron microscopy
(SEM) image (Figure 1a). The nanopillars have well-
faceted hexagonal cross sections (Figure 1b), which
originate from the wurtzite crystalline phase. To further
prove the core—shell growth mode, wet chemical
etching was used to selectively etch away the InGaAs
core, resulting in a thin InGaP layer at the tip. Excellent
InGaP shell layer growth can be clearly seen from the
semitranslucent portion in the transmission elec-
tron microscopy (TEM) image (Figure 1c). A high-angle
annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) image of a pillar with a nom-
inal ~150-nm-thick shell is illustrated in Figure 1d. The
thickness of InGaP shell agrees well with the designed
value, as indicated by the scale bar. To study the het-
erointerface quality, a high-resolution TEM (HRTEM)
study was performed at the exact InGaAs/InGaP inter-
face (Figurele). The crystal continues as a coherent
wurtzite phase across the heterostructure interface.
Figure 1f is the HRTEM image inside the InGaP portion,
far away from the heterointerface. The corresponding
selected area diffraction pattern (SADP) recorded
along the zone axis is shown in Figure 1g. Both the
characteristic zigzag lattice arrangement and clear
distinctive diffraction pattern confirm that the nano-
pillars are in single-crystalline wurtzite phase. Figure 1h
is a low-magnification side-view SEM image of an array
of InGaAs/InGaP nanopillars. With 92 min growth time,
the pillars have a base diameter of ~675 + 50 nmand a
length of ~3.5 £+ 0.7 um. The variation of the pillar
diameter is quite small, whereas that of the pillar
length is relatively large. Since the dimension of the
pillars varies, all of the following optical photolumines-
cence studies are average values among more than 10
pillars with similar dimensions verified by SEM images.

Optical Properties of InGaAs Pillars with Different Passivation
Materials. The effectiveness of InGaP passivation layers
for InGaAs nanopillars is studied by comparing nano-
pillars with three different passivation materials while
keeping the same InGaAs core diameter of ~600 nm. The
three samples are unpassivated-InGaAs (bare-InGaAs),
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Figure 1. (a) Tilt-view (30°) SEM image of a typical InGaAs/InGaP nanopillar grown vertically on a (111)-Si substrate with
smooth surfaces. (b) Top-view SEM image of the nanopillar with a well-faceted hexagonal cross-section, which originates from
the wurtzite crystal phase. (c) TEM image of a semitranslucent pillar tip after selective etching away the InGaAs core, which
proves the core—shell growth mode. (d) HAADF-STEM image of a nanopillar with a nominal ~150-nm-thick InGaP shell. A
thick silicon redeposition layer is observed wrapping around the nanopillar as a result of sample preparation by focused ion
beam milling. The pillar tip was damaged during ion milling. (¢) HRTEM image at the exact InGaAs/InGaP interface. The crystal
continues as a coherent wurtzite phase across the heterostructure. (f) HRTEM image inside the InGaP portion far away from
the heterointerface. (g) Clear SADP image recorded along the (1120) zone axis. Both the characteristic zigzag lattice
arrangement and clear distinctive diffraction pattern confirm that the nanopillars are in the single-crystalline wurtzite phase.
(h) Tilt-view (80°) SEM image of an array of InGaAs/InGaP nanopillars with 92 min growth time. The pillars have a base
diameter of ~675 + 50 nm and a length of ~3.5 + 0.7 um.
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Figure 2. (a) Integrated PL intensity versus excitation intensity in logarithmic scale with linear curve fit at 4 K for bare-InGaAs
pillar (red), GaAs-passivated pillar (blue), and InGaP-passivated pillar (green). The PL intensity is enhanced by ~10 and ~50
times for InGaAs nanopillars with GaAs and InGaP passivation layers, respectively. (b) Corresponding TRPL decay curves
measured at 4 K. The dots represent raw experimental data, and the solid lines are the fitting results with exponential decay
functions. The black curve represents the system instrument response of ~40 ps. The effective carrier lifetimes are ~90 ps
(red), ~ 293 ps (blue), and ~492 ps (green), respectively. (c) IQE values extracted from the ratio of integrated PL intensity from
298 and 4 K, as a function of excitation intensities for three types of structures: InGaAs/GaAs (blue), InGaAs/GaAs/AlGaAs
core—shell—cap (purple), and InGaAs/InGaP (green). The IQE value of InGaAs/InGaP nanopillars at high excitation level is
16.8%, while only ~3% for the other two structures.

GaAs-passivated, and InGaP-passivated InGaAs nano-
pillars. Figure 2a shows the integrated PL intensity
trends of different nanopillars as a function of excita-
tion intensity by using a continuous wave (CW) laser
source at 4 K. The fewer number of data points for the
bare-InGaAs pillar is limited by detection sensitivity
due to its low PL emission intensity. The PL intensity is
enhanced by ~10 and ~50 times for nanopillars with
GaAs and InGaP passivation layers, respectively. Repre-
sentative 4 K time-resolved photoluminescence (TRPL)
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decay curves of the three samples are recorded at
the peak emission energy, as shown in Figure 2b. It is
shown that the effective carrier lifetime of unpassi-
vated-InGaAs nanopillars is approximately 90 ps, nearly
reaching the instrument response time. The GaAs-
passivated InGaAs nanopillars exhibit a slightly longer
lifetime of ~293 ps, benefiting from the passivation of
surface states. The carrier lifetime of InGaAs/InGaP
pillars is ~492 ps, enhanced by a factor of 5 com-
pared to the unpassivated ones. This improvement is
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attributed to a larger band offset between the cladding
InGaP layer and the active InGaAs core compared to
that of the InGaAs/GaAs structure. The band gap of the
InGaP shell was determined by growing pure InGaP
nanopillars on silicon with the same growth conditions
and chemical stoichiometry. Strong photolumines-
cence was obtained showing direct band gap emission
at ~1.47 eV at room temperature.”® This wider band
gap InGaP material could act as a barrier to prevent
carriers from reaching and recombining at the surface,
which effectively prohibits the carrier recombination.
The absence of misfit dislocation defects at the InGaAs/
InGaP heterointerface also contributes to the enhance-
ment of optical properties. Therefore, we conclude that
the effective surface passivation of the InGaP shell,
together with the high material quality, contributes to
the PL intensity and lifetime enhancement.

To further explore the feasibility of using InGaP-
passivated InGaAs nanopillars for high-performance
optoelectronic applications, IQE measurements were
carried out. IQE is a critical figure-of-merit to evaluate
the performance of optoelectronic devices, such as
solar cells and light-emitting diodes. This parameter is
usually very low in nanowire-based devices, due to the
high surface recombination velocities. IQE values can
be extracted from the ratio of integrated PL intensity
under room temperature and 4 K, assuming 100% of
IQE at 4 K.** 2% These measurements are based on the
assumption that nonradiative recombination can be
neglected at low temperatures. It should be noted that
this is not necessarily the case, and the values found
using this method represent an upper limit for the IQE.
The IQE value, i.e., the ratio of integrated PL intensities
from 298 and 4 K, versus excitation intensity of single
nanopillars from three samples is shown in Figure 2c.
The samples are InGaAs/InGaP, InGaAs/GaAs/AlGaAs
core—shell—cap, and InGaAs/GaAs structures, respec-
tively. As can be seen, the IQE value is strongly depen-
dent on the excitation intensity. At low excitation
levels, with such high surface-to-volume ratio of the
nanostructures, the nonradiative recombination mech-
anism dominates. At high excitation levels, for GaAs-
passivated InGaAs pillars, the best IQE value is only
~3%. Adding an AlGaAs capping layer to the InGaAs/
GaAs pillar does not lead to significant improvement of
the IQE value. This could be because that aluminum is
known to get oxidized very easily and shows a strong
propensity toward the formation of oxygen-related
deep-level defects, which then can act as recombina-
tion centers at the GaAs/AlGaAs interface.?”*® Signifi-
cant IQE enhancement was achieved with an InGaP
passivation layer, leading to an IQE value of 16.8%,
which is significantly higher than the IQE value ob-
tained from GaAs/InGaP nanowires grown on silicon
reported previously.?® In that paper, the authors attrib-
uted the low efficiency value to the misfit strains
generated at the GaAs/InGaP heterointerface and the
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rotational twins due to the large lattice mismatch with
the substrate.

Reducing the crystal lattice strain between the
InGaAs core and the radially grown InGaP shell is very
important for improving the interface quality and
optical performance. In this work, a series of InGaAs/
InGaP nanopillars were grown to optimize the growth
parameters by tuning the trimethylindium (TMin) to
triethylgallium (TEGa) ratio. The chemical stoichiome-
try of the core is Ing 1,Gag ggAs, determined from both
PL peak energy and flow rate ratio of the gas precur-
sors. However, accurately determining the chemical
composition of the InGaP shell is rather difficult. The
chemical stoichiometry of the InGaP shell layer was
estimated from the flow rate ratio of group Ill precur-
sors. The results we demonstrated here are from
growth conditions with optimized InGaP composition.
Although there is most likely a lattice mismatch be-
tween the InGaAs core and InGaP shell, the nanopillars
exhibit single-crystalline wurtzite phase through the
entire pillar, benefiting from the core—shell growth
mode.?%?? Polytypism is confined only 200—400 nm at
the root of the nanopillar and horizontally terminated
at the sidewall. Furthermore, we didn't observe any
misfit dislocations or rotational twins at the hetero-
interface, as shown in Figure 1. Another fact is that
the submicrometer-sized structures we demonstrated
here greatly reduce the surface-to-volume ratio. Excel-
lent material quality, together with uniform morpho-
logical property are believed to contribute to this high
IQE value. The IQE results shown here also suggest that
InGaP-passivated InGaAs nanopillars could be indeed
a promising material system for high-performance
nanophotonic devices compared to InGaAs/GaAs.
Thus, we will focus on the InGaAs/InGaP nanopillars
in the following studies by optimizing structure dimen-
sions in order to select the best structures for device
applications.

Optical Properties of InGaAs/InGaP Pillars with Various
Dimensions. To understand how InGaP shell thicknesses
play a role in these nanopillar structures, a variety of
samples with nominal 25- to 200-nm-thick InGaP shells
were studied. Figure 3a shows the integrated PL
intensity trends of InGaAs/InGaP nanopillars with dif-
ferent InGaP layer thicknesses at 4 K. No prominent
variation in the PL intensities was observed among the
samples with thicker shells, which indicates that
25—50-nm-thick InGaP could already provide effective
passivation to inhibit carrier recombination at the pillar
surface. It is well understood that by increasing the
pillars' dimensions, the surface-to-volume ratio can be
reduced, which directly leads to the suppression of
nonradiative recombination. Up to 10 times enhance-
ment was attained at low excitation levels by increas-
ing the InGaAs core diameter from ~600 nm to
~900 nm (Figure 3b). No significant increase was
observed at high excitation levels, which is probably
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Figure 3. (a) Integrated PL intensity versus excitation intensity in logarithmic scale with linear curve fit at 4 K from samples
with different InGaP thinknesses: 0 nm (bare-InGaAs pillars, red), 25 nm (blue), 50 nm (pink), and 200 nm (green). No
prominent variation in the PL intensities was observed among the samples with thicker shells. (b) Same plot from samples
with different InGaAs core diameters: ~600 nm (red) and ~900 nm (blue). Up to 10-times enhancement was attained at low
excitation levels by increasing the InGaAs core diameter from ~600 nm to ~900 nm. The InGaP layers in this study are ~50 nm
in thicknesses.
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Figure 4. (a) PL emission and lasing spectra at 298 K from a single as-grown nanopillar below and above
lasing threshold. Below threshold, broad spontaneous emission is observed. The blue curve has been multiplied
by 10 times for visibility. A strong lasing peak dominates emission above threshold with a sideband suppression
ratio of ~13 dB. (b) Corresponding PL intensity and line width (fwhm) plotted as a function of excitation intensity.
The line width decreases by a factor of ~80 near and above the lasing threshold. A clear lasing threshold is observed at
38.2 uJ/cm?, which is significantly lower than the result from transferred GaAs-based nanowire lasers published

recently.

due to the saturation of surface states, leading to a
higher possibility for carriers to recombine radiatively.
Since the dimension of the InGaAs pillars is scal-
able with growth time, we believe optimization of
the growth condition to achieve micrometer-sized
pillars would further improve the optical property thus
device performance.

Low-Threshold Room-Temperature Lasing from Single As-
Grown Nanopillars. Finally, we demonstrated optically
pumped single as-grown nanopillar lasers at room tem-
perature. To our best knowledge, no room-temperature
lasing operation has been achieved thus far for as-
grown unpassivated-InGaAs nanopillars."*'72%%° This
further proves that InGaP is sufficient passivation ma-
terial that facilitates good carrier confinement in the
InGaAs core. Room-temperature PL emission spectra
from a single as-grown nanopillar below and above the
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lasing threshold are shown in Figure 4a. Below thresh-
old, broad spontaneous emission is observed. A strong
lasing peak dominates emission above threshold with a
sideband suppression ratio of ~13 dB. The correspond-
ing PL intensity and line width at full width at half-
maximum (fwhm) as a function of excitation intensity
are plotted in Figure 4b. A clear lasing threshold is
observed at 38.2 ul/cm?® The pump fluence value to
achieve lasing is significantly lower than the result from
transferred GaAs/AlGaAs and GaAs/AlGaAs/GaAs cor-
e—shell—cap nanowire lasers published recently?®*°
and about two times lower compared with InGaAs/GaAs
nanopillar lasers we demonstrated before.'” The lasing
with ultralow threshold excitation intensity in the InGaP-
passivated structure is attributable to the sufficient
reduction of nonradiative recombination as discussed
above.
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CONCLUSIONS

In summary, we demonstrate the catalyst-free
MOCVD growth of InGaAs/InGaP core—shell nanopil-
lars with single-crystalline wurtzite phase at a low
temperature. Despite the large lattice mismatch be-
tween nanopillar and silicon substrate, both defect-
free InGaAs and InGaP layers as well as high crystal
quality heterointerfaces are achieved. PL emission
intensity of InGaAs pillars was boosted by up to 50
times via InGaP passivation. A record value of 16.8%
IQE was achieved from InGaAs/InGaP pillars at high
excitation levels, compared with ~3% for GaAs/
AlGaAs-passivated InGaAs pillars. By increasing the
pillar diameters from ~600 nm to ~900 nm, another

MATERIALS AND METHODS

Nanopillar Synthesis. Trimethylindium (TMIn), triethylgallium
(TEGa), tertiarybutylarsine (TBAs), and tertiarybutylphosphine
(TBP) were used as indium, gallium, arsenic, and phosphorus
precursors, respectively. The growth started with an InGaAs
core at 400 °C, followed by a uniform surrounding epitaxial
InGaP layer at 450 °C. The input V/Ill ratio of the InGaAs core
was set as 50, and the whole epitaxial process was catalyst-
free. Since nanopillar growth follows a metastable core—
shell manner, the radius or thickness of each portion is con-
trollable and nearly linearly scalable with the corresponding
growth time. The base diameter of InGaAs cores was designed
as 600 or 900 nm. The thicknesses of the InGaP capping layer
were designed as 25, 50, 150, and 200 nm in the present
paper.

Electron Microscopy. HRTEM and HAADF-STEM studies were
carried out in a FEl Titan transmission electron aberration-
corrected microscope operating at 300 keV. Sample prepara-
tion involves the extraction of a lamella from an as-grown
nanopillar with the use of focused ion beam milling and in situ
micromanipulations. Pt is deposited on the area of interest to
anchor the loose needle onto the substrate and provide
passivation against ion damage. The lamella was then further
thinned down to electron transparent thickness with an argon
ion beam.

Optical Spectroscopy. Micro-PL measurements were carried
out in a continuous-flow liquid-helium cryostat with a CW laser
diode at 660 nm. TRPL measurements were performed with a
mode-locked Ti:sapphire femtosecond laser at 760 nm. The
laser spot was focused down to a ~5-um-diameter spot through
an NIR-optimized 100x microscope objective. PL signal was
collected via the same objective and dispersed through a
spectrometer with a liquid-nitrogen-cooled silicon CCD. Addi-
tional long-pass filters were employed to prevent exposing the
detection system to high laser power. PL decay traces were
obtained by using the time-correlated single photon counting
method in conjunction with a silicon avalanche photodiode for
detection. The time resolution of the instrument system was
~40 ps.
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10-times increment in PL intensity was obtained. No
obvious trends in PL intensities were observed with
increasing InGaP shell thickness from 25 to 200 nm.
Furthermore, optically pumped lasing from single as-
grown nanopillars was attained at room temperature
with the lowest reported threshold for GaAs-based
nanowire/nanopillar lasers. Therefore, the outper-
formed InGaAs/InGaP nanopillars directly grown on
silicon could fulfill a potential for heterogeneous
integration, optical communication, and optoelec-
tronic devices with low cost and improved per-
formance. These observations would open up fu-
ture opportunities to design novel nanophotonic
architectures.
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