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ABSTRACT

ITI-V semiconductor nanowires allow easy hetero-integration of optoelectronic components onto silicon due to
efficient strain relaxation, well-understood design approaches and scalability. However continuous room temper-
ature lasing has proven elusive. A key challenge is performing repeatable single-wire characterization — each
wire can be different due to local growth conditions present during bottom-up growth. Here, we describe an
approach using large-scale population studies which exploit inherent inhomogeneity to understand the com-
plex interplay of geometric design, crystal structure, and material quality. By correlating nanowire length with
threshold for hundreds of nanowire lasers, this technique reveals core-reabsorption as the critical limiting pro-
cess in multiple-quantum-well nanowire lasers. By incorporating higher band-gap nanowire core, this effect is
eliminated, providing reflectivity dominated behavior.

Keywords: Semiconductor Nanowires, Nanolasers, Statistical Optimization

1. INTRODUCTION

Growth of semiconductor nanowires using bottom-up epitaxy is now a well-developed technology.! By us-
ing seeded,? templated,® or gas-phase synthesis® growth, a variety of functional optoelectronic devices have
been demonstrated. While devices which exploit the ensemble properties of nanowires are of great interest
for coherent emission,” photodetection® and photovoltaics,” the potential for novel single element nanowire de-
vices provides unprecedented possibilities for integration® or entirely new devices.” Since the first development
of semiconductor nanowires materials, the possibility of using nanowires as both cavity and gain material in
nanoscale coherent light sources — or nanolasers — has been recognized.!'® This development has led to both
deeper fundamental understanding'’ and applications with relevance for high-density integration and chip-to-
chip communication.'? ' Despite this promise, designing and optimizing nanowires for lasing applications has
proved to be a significant challenge, primarily due to the complex interplay of material quality, optoelectronic
behavior (including surface recombination) and geometrical effects which combine to determine lasing perfor-
mance. While the past decade has seen significant advances in growth for high crystallographic quality,'* surface
passivation,'® 10 radial quantum-well'”'® growth, axial'® 2% or self-assembled quantum-dots?! integration, and
understanding catalyst dynamics,?? room-temperature continuously operating ITI-V nanowire lasers have not yet
been demonstrated.!3 1823

The primary figure of merit for pulsed, optical-pumped nanowire lasers is the lasing threshold defined as
the pump fluence required to produce coherent lasing emission from the wires (P.s). The relationship between
P.s and the material gain and cavity properties of a nanowire laser is highly nonlinear. Because nanowires
typically have wavelength-scale diameters they act as waveguides; the end-facet cavity reflectivity in a nanowire
laser is a complex function of the facet structure, nanowire diameter, the transverse lasing mode, and the
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refractive index of the medium.?* As such, it is common for a given growth of nanowire lasers to have a large
wire-to-wire variation in emission?® or lasing performance.?® This spread can mask optimizations in underlying
material properties or gain, which might otherwise be clearly observed.?”

In this context, the prospects for systematic optimization of nanolasers may appear challenging. Here, we
propose that, far from being a hindrance, the inherent spread in material and geometric properties arising from
bottom-up growth can in fact be exploited to provide a statistically relevant understanding of lasing. To achieve
this, we have developed an automated machine-vision enabled data acquisition approach to scale characterization
to the > 102 nanowire level,?% used computational approaches typically used in astrophysics to perform marker-
free multi-modal characterization,?® and begun to use statistical methods from the life sciences?® to systematically
optimize nanowire lasers in the presence of inhomogeneity. In this communication, we describe the experimental
and statistical approaches used to characterize the dominant loss mechanism in silicon integrable nanolasers
based on a multiple-quantum-well gain region. By studying the relationship between lasing and nanowire length
for a large population of nanowires, we are able to identify core-reabsorption as a critical limiting process. Using
this knowledge, nanowires without core-reabsorption were grown with a significantly reduced lasing threshold of
10pJem=2pulse™! .

2. EXPERIMENTAL DETAILS

Semiconductor nanowires were grown either homoepitaxially using the vapor-liquid-solid mechanism and MOVPE
(Type 1: full recipe and growth details in 30), or heteroepitaxially onto Silicon using a foreign-catalyst free
approach in MBE (Type 2: full recipe and growth details in 18). After growth, both nanowire types were
transferred to quartz discs by gently rubbing the growth substrate onto the receiver or fast ultrasonication into
solvent and re-deposition from solution. These approaches are known to produce high yield lasing.?’ Briefly,
type 1 wires have an 80 nm GaAs core, eight Al,Ga(;_;)As/GaAs quantum wells (with 2=0.42 and a nominal
thickness of 3.5+1.5nm), and a final 5nm GaAs capping layer.?®:30 These wires had typical final dimensions of
3.4+0.4 pm length and 460 & 10 nm diameter. Type 2 nanowires had ~ 50 nm GaAs,P;_,) cores with z = 0.47,
three GaAs/GaAs,P(;_,) quantum wells (with x = 0.62 in the barriers, and a nominal well thickness varying
from 3.5-10nm), an AlGaAsP passivation layer and a final GaAsP capping layer. The wires were ~ 10 ym in
length and approximately 400 nm in diameter.'®

2.1 EXPERIMENTAL DETAILS

The substrates with nanowires were transported to a home-built optical microscope equipped with machine vision
camera and motorized sample stage, with routing for laser excitation and quasi-confocal fibre-optic detection as
shown in Figure 1. A sequential approach was take to collect the full population data sets:

Imaging: Bright-field or dark-field optical micrograph images were taken, and for each image nanowire features
were identified and recorded using a machine vision approach derived from 31. The image of each wire, and the
absolute position was recorded for ~ 10k nanowires. Typical raw images are shown below the inset of Figure 1.

Selection 1: The set of identified objects were reduced by cutting non-wire objects; this is achieved by placing
physical limits on lengths, widths and areas of the imaged ensemble.

Low-power optical spectroscopy: A lower power HeNe laser was used to excite the nanowires sequentially,
and the photoluminescence was collected using the fibre-coupled optical spectrometer.

Selection 2: Non-emitting objects are excluded to eliminate dust or other foreign contaminants. A subset of
100-1000 wires is then randomly selected for in-depth study.
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Figure 1. A schematic showing the experimental arrangement for automated micro-spectroscopy. Two laser sources are
used - HeNe for continuous, low power spectroscopy and a femtosecond pulsed OPA for lasing study. ND: automated
neutral density filter, Sh: Shutter, De.: (optional) defocusing lens, PM: power meter, F1: long-pass filter, CCD: camera, Z:
motorized z-focus, DF: Dark-field lighting, XY: motorized translation stage, BF: Bright-field lighting, F2: long-pass filter

2, Spectrometer: Fibre coupled, cooled CCD, iTCSPC: interferometric time-correlated single photon counting. (Inset,
bottom left): A typical bright-field microscopy image.

PM F2 Spectrometer

Optimization: The alignment for each nanowire is programatically optimized by raster scanning the excitation
spot over the nanowire area and monitoring the emission intensity. A fluorescence image is taken for each wire
and recorded.

Time-resolved emission: The excitation source is changed to a 620 nm, 150fs, 250 kHz laser delivering up
to 2000pJecm2pulse™!  at full power. At a low fluence, the emission from each wire can be monitored using
time-correlated single photon counting (TCSPC) coupled to an interferometer for Hanbury-Brown-Twiss type
measurements for bunching or anti-bunching studies.

Power-dependent photoluminescence: By stepping the laser power and recording the photoluminescence
spectra, power-in vs power-out data is recorded. The experiment is stopped if the laser emission decreases, or
where lasing is confirmed over sequentional measurements. The onset of lasing is programatically identified by
photoluminescence clamping, an increase in the gradient of the light-in vs light-out curve and the emergence of
a narrow (sub-5nm) emission line.

Lasing image: When the lasing threshold is identified, a far-field image of the nanowire laser is taken. This
can also be used to confirm coherent emission from the wire. Once the data is collected, the sample can be
removed and additional off-line characterization approaches can be performed using a marker-free registration.?®

2.2 DATA PROCESSING

The collected data for each wire is used to generate population-wide statistics. Figure 2 shows a typical data
set for a single Type 1 nanowire laser; using this this, additional processing provides nanowire length, lasing
wavelength, lasing threshold, and laser mode spacing. Further modeling can provide quantum well widths?” or
composition,?? doping level®®34 or modal refractive index.?® At room-temperature, the low-fluence photolumi-
nescence can be modeled as a function of emission energy E:

Isn(E) = Asp (G(B,0) @ (V(E — Bo)B(E, Fo,T))) M
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Figure 2. A typical data set acquired for each nanowire in an ensemble for Type 1 wires. The (a) position (example wire
in red, other wires in gray), (b) bright-field and (c) photoluminescence images can be interpreted to provide geometric
information. (d) Modeling the photoluminescence spectra provides information on quantum well parameters. (e) The
lasing spectra provides the modal spacing, while (f) the light-in vs light-out (LILO) plot gives the lasing threshold, where
the marker colors indicate the related spectrum in (e) and the line is a guide to the eye.

for a 3D density of states, or
IQD(E) = A2D (G(E, O')@(B(E,Eo,T))), (2)

for a 2D density of states, where G(E,0) = exp (Ez/az) represents Gaussian disorder, B(E, Fy,T) = (E >
Ey)exp—(E — Ey)/kT is a Boltzmann distribution, Ey is the material band-gap, T is the electronic temperature
and ® indicates a circular convolution. A Gaussian disorder term is used here to capture the combined effects
of spectrometer resolution and local inhomogeneity, and is chosen for simplicity of application. Using this, the
material band-gap can be accurately measured; by comparing this with a reference, parameters including material
doping can be calculated where relevant.33 3%

For each nanowire, the measured and calculated parameters are recorded. While simple histograms of these
parameters across the population are of use for identifying ensemble trends and best-in-class performance, higher
order correlations can provide otherwise hidden relationships between controllable (for instance nanowire length
and diameter) and dependent (for instance lasing threshold) measurements. The loss mechanism in a laser system
can be associated with distributed loss agqisy (which scales with nanowire length) and end-facet related loss, such
that the threshold gain per unit length is approximated by:

InR1R
Jthresh = Qdist — 211-/ 2, (3)

where Rj o are the end-facet reflectivities and L is the cavity length. Here, we use the strength of correlation
between inverse nanolaser length and nanolaser threshold to quantify the relative contribution of distributed
and end-facet losses. The threshold gain is related to the threshold excitation fluence by vPas = Gthresn Where
a factor v is expected to vary between nanowires accounting for absorption (due to geometry). The end facet
reflectivities will also have a distribution which is expected to dominate for low agisy nanowires. Nonetheless,
given sufficient data we can apply linear statistical correlation to identify trends and their significance.

3. RESULTS AND DISCUSSION

Equation 3 can be rearranged into a form
Pas :A_BLila (4)
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Figure 3. (Top) Scatter plots of inverse nanowire length against laser threshold for (left) 778 Type 1 nanowire lasers and
(right) 233 Type 2 nanowire lasers. Each point represents a single laser. The red line is a linear best fit to the data, with
the linear correlation coefficient r and statistical significance p given in the legend. The green and red squares indicate
the wires corresponding to the Short and Long wires shown below. (Bottom) Images and light-in vs light-out curves for
example short and long nanowire lasers from each type. Note the different length scale used for Type 1 and Type 2 wires.

where A and B are arbitrary parameters with unknown distributions. Figure 3 shows a scatter plot of P,s as a
function of inverse nanowire length (L~!) for the 778 Type 1 nanowires and 233 Type 2 nanowires which were
identified as lasing. A linear correlation analysis on these data points shows that these two parameters appear
uncorrelated for the Type 1 wires (p ~ 0 and p > 0.01), but moderately correlated (p = 0.20 at the p < 0.01
significance level) for the Type 2 nanowires. This correlation analysis indicates that distributed losses dominate
for Type 1 wires — no correlation is observed with length, meaning reflectivity does not play a significant role
in determining threshold gain. On the other hand, end-facet reflectivity does play a role for Type 2 nanowire
lasers — the correlation indicates that longer wires have lower threshold, as expected for end-facet dominated
loss mechanisms. As a demonstration, four images and light-in vs light-out curves are shown for example short
and long nanowire lasers for each of type 1 and Type 2 wires. Intriguingly, it can be seen for the Type 2 wires
that the onset of lasing is sharp for the shorter wire, and less sharp for the longer wire. The onset of lasing is
determined by the coupling of the spontaneous emission into the lasing mode 3, with high £ operation typically
associated with highly efficient lasing and a flat light-out vs light-in plot.*® Understanding and measuring 3
factor is of critical importance to achieve continuous lasing,?” and further analysis of these results provides a
fruitful opportunity for further study.

In both nanowire types, it is expected that the TEQ1 transverse mode is preferred.'®3% This is because
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Figure 4. Selected low threshold nanowire from Type 2 study. From left to right: Light-out vs light-in curve; spontaneous
(blue markers) and stimulated regions (red markers), with sub-threshold fit of the form PL « Pj, and o ~ —0.75 with
lasing threshold identified from the onset of lasing emission (vertical line). Spectral series, showing multimodal emission
profile. Fluorescence image below and above the lasing threshold, showing coherent interference in the far-field.

this donut-type mode provides a high spatial overlap with the gain region provided by the radial quantum wells
while remaining well confined by the dielectric properties of the nanowire. This mode has a radial intensity
distribution of the form I(p) o pexp (—p) where p = 2r2w=2, r is radial co-ordinate and w is beam radius, which
leads to a small but non-zero intensity as » — 0. In this region, the lasing mode overlaps and interacts with the
nanowire core, where re-absorption can occur if the core band-gap energy lies below the photon energy. This
is the case for Type 1 nanowires, leading to a dominant photon loss mechanism that scales with the nanowire
length. In the Type 2 nanowires, the use of a higher-band-gap core material mitigates this loss mechanism,
leading to losses being less influenced by distribution reabsorption and more strongly influenced by the end facet
reflectivity. While many factors play a role in determining the champion low-threshold emission, identification
and hence elimination of the dominant source of loss is a powerful tool to close the loop between growth and
characterization.

The large-scale statistical approach further allows the identification of best-in-class nanowire lasers. Results
from one such nanolaser from the Type 2 growth is shown in Figure 4. Under the excitation conditions used,
this wire exhibits a lasing threshold of around 10puJem2pulse™! , which compares favorably with the best
room-temperature near-infrared III-V nanowire lasers demonstrated.

4. CONCLUSION

By making use of the large populations present in semiconductor nanowire growth, population-based approaches
can provide insight into dynamics and loss mechanisms that would otherwise be obscured by wire-to-wire vari-
ation. Here, we use a simple correlation of lasing threshold with nanowire length to infer the dominant source
of photon loss in two nanowire types with the same architecture. For both GaAs-quantum well nanowire lasers,
the lack of correlation between inverse length and threshold for GaAs-cored wires and positive correlation for
GaAsP-cored wires is used to confirm that the primary loss mechanism is core-re-absorption. By changing the
recipe to eliminate this re-absorption, lower-threshold lasing is demonstrated. This methodology is expected
to provide a fertile area for further research; higher order correlations, more advanced statistical approaches,
and Bayesian approaches can be used to experimentally determine fundamental laser properties in the presence
of high wire-to-wire disorder. More generally, the large-scale spectroscopic approach is widely applicable for
functional nanotechnology.
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