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ARTICLE INFO ABSTRACT

Keywords: Semiconductor nanowire lasers are single-element structures that can act as both gain material and
Semiconductor lasers cavity for optical lasing. They have typical dimensions on the order of an optical wavelength in
Nanowires

diameter and several micrometres in length, presenting unique challenges for testing and char-
acterisation. Optical microscopy and spectroscopy are powerful tools used to study nanowire la-
sers; here, we review the common techniques and analytical approaches often used and outline
potential pitfalls in their application. We aim to outline best practise and experimental approaches
used for characterisation of the material, cavity and lasing performance of nanowires towards
applications in biology, photonics and telecommunications.

Optical spectroscopy
FDTD simulation

1. Introduction

Semiconductor nanowires are artificial nanomaterials with diameters typically between 10 and 1000 nm and lengths that can range
between 1 and 100 pm. The wire-like morphology of nanowires combined with the high refractive index and high luminescence and
optical gain of direct bandgap semiconductors lead to a variety of useful photonic properties, such as strong waveguiding, large
polarisation anisotropy of absorption and emission, and lasing. The flat crystalline end facets of nanowires can also provide large
reflection coefficients for guided modes [11, which enables single nanowires to function as standalone Fabry-Pérot type cavities, without
any further fabrication processes. Lasing in nanowires can therefore be observed by optically pumping individual nanowires, such asin a
micro-photoluminescence setup with a pulsed pump laser [2].Table 1
A list of parameters used in this review with their definition.

Symbol Definition Units

o Primary lasing peak wavelength nm

L Coherence length m

L Nanowire cavity length m

Py Laser threshold (pulsed) uJ em~2pulse™
Laser threshold (continuous) kWem 2

IQE (or PLQY) Internal quantum efficiency (Photoluminescence Quantum Yield) N/A

Eg Material band-gap electron volts (eV)

P Non-thermal electronic disorder energy electron volts (eV)

r Optical confinement factor N/A
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Table 1 (continued)

Symbol Definition Units
B Fraction of spontaneous emitted light coupled to a laser mode N/A
p Photon damping rate s

Yre Radiative rate constant st

n Refractive index N/A

R Reflectivity of nanowire facet N/A
ap Distributed losses in the nanowire em !
&h Threshold gain for lasing em™?
g Differential gain coefficient em®s !
Q Nanowire cavity quality factor N/A

The advancements in growth of semiconductor nanostructures over the last two decades has sparked significant scientific interest
and research into nanowire lasers [3], some of which are shown in Fig. 1. Nanowire lasers have therefore been realised across many
different material platforms, several of which were relatively unexplored because of difficulties in material growth and fabrication
processes. Notably, nanowire growth has less stringent requirements on lattice matching to the growth substrate, and because of strain
relaxation the nanowires can have reduced defect densities compared to bulk crystals [4-6]. In particular, the simplicity in forming the
lasing cavity with nanowires compared to conventional planar semiconductor lasers (which require numerous fabrication steps) has
enabled demonstration of lasing in a wide variety of gain materials - metal-oxides [7], chalcogenides [8], nitrides [9], III-V semi-
conductors [10] and more recently, perovskites [11]. Moreover, nanowires have opened up possibility of three-dimensional architec-
tures [12] and high-density integration beyond what is possible with planar or top-down lithography.

Over the past decade, a number of review articles have been written about nanowires lasers in general [13-15], or applications in
electrical pumping [16], specific materials such as nitrides [17], zinc oxide [7,18] or hybrid perovskites [19,20], dynamics [21], or silicon
integration [22,23]. The present review seeks to focus on optical characterisation methods used to measure and compare nanowire lasers. We
discuss techniques including computational modelling, photoluminescence spectroscopy, time-resolved spectroscopy and imaging in Section
2. Section 3 review optical methods to study the materials used in nanowire lasers, including heterostructures and doping. In Section 4 we
discuss methods to characterise nanowire laser cavities for reflectivity and losses, before covering the characterisation of laser operation in
Section 5. Finally we outline approaches to integration for nanowire lasers in Section 6 before providing a brief outlook in Section 7.
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Fig. 1. Key applications for nanowire lasers include biological use, on-chip coherent light sources for photonic integrated circuitry and telecom-
munication wavelength integration, and high-efficiency silicon-integrable light sources. (a) Biological applications include intra-cellular use to sense
small environmental changes [24]. (b) Small, integrated light sources are sought for coherent nanophotonics [25], particularly based on a silicon
platform such as the photonic processor reported by Shen and colleagues. (c) One approach to integration is to grow nanowire lasers directly onto an
on-chip waveguide [26,27], separating the lasing function from the computational components as shown by the Finley group (Reprinted with
permission from ACS Photonics 2017, 4, 10, 2537-2543. Copyright 2017 American Chemical Society). High efficiency light sources at myriad
emission wavelengths using novel materials are sought for on-chip emission. (d) Arrays of nanowires provide opportunities for photonic crystal
construction and high emission intensity at telecommunications wavelengths [28], whilst (e) Deep-UV (239 nm) emission from nitride-based ma-
terials benefits from the nanowire architecture by minimising crystal defects [29].
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1.1. Applications

To understand the characterisation needs for developing semiconductor nanowire lasers, we first consider potential applications and
relevant figures of merit to be optimised. To date, the majority of research on nanowire lasers has been related to fundamental
nanophotonics - understanding light-matter interaction at the nanoscale. Indeed, experimental work often linked to a number of pio-
neering theoretical works by Maslov and Ning [1,30-32] which sought to understand reflectivity and modal confinement at the
nanoscale.

Many early applications of nanowires focused on biological applications in sensing [33-35], epitomised by research from the group
of Peidong Yang who considered nanowires as optical probes for cellular endoscopy in 2011 [36]. Nanowires are small enough to
penetrate the cell membrane allowing in-situ use [37], and a particularly striking application was reported by Wu in 2018, who pro-
posed intra-cellular use of nanowire lasers; this made use of the non-linearity and sensitivity of lasers to their dielectric environment for
application in pH sensing [24] as shown in Fig. 1a. In biological applications, a small diameter and length, a biologically inert material,
and visible wavelength lasing are critical.

More recently, advances in growth has renewed interest in on-chip integration of nanolasers with heterogeneous substrates, with
applications in photonic on-chip circuitry such as depicted in Fig. 1b. Over the past decade, the need for coherent light sources for next-
generation photonic computing has grown due to the emergence of new photonic architectures [38,39]. This in turn has spurred
research into nanowire lasers that can be grown directly onto silicon or optical waveguides (Fig. 1c). The Finley and Chang-Hasnain
groups have made notable contributions in this area, demonstrating growth of high quality lasers on silicon [40], position-controlled
growth [41] and coupled-growth on waveguides [26,27]. More recently the field has been accelerated by work on hexagonal struc-
tured silicon-germanium for direct bandgap emission [42] using group IV compounds. In applications for photonics, low-threshold,
repeatability (inter-wire variance) and temperature stability are paramount.

The ability to grow heteroepitaxially whilst relieving strain has provided a third set of applications for nanowire lasers: in the
production of high quality light sources using novel and emerging materials such as aluminium nitride or hybrid perovskites, or
integration of established materials such as indium gallium arsenide (for infrared emission) with cheaper substrates. Deep-UV emitters
based on AIN have been demonstrated by Zhao [29] for 239 nm emission, grown on silicon as shown in Fig. Ile.
Telecommunication-wavelength lasers have presented a particular opportunity for nanowire lasers, where conventional flip-chip ap-
proaches to heterointegration can be complex and costly. Many groups have focused on the growth of telecommunication wavelength
lasers onto silicon or waveguides, with the Huffaker group demonstrating array lasers [28,43,44] (see Fig. 1d) and Yokoo reporting
hybrid nanowire laser-photonic crystal structures at telecommunication wavelength [45]. In this case, single-mode, narrow linewidth,
precise wavelength, high total power and low-threshold operation are crucial.

1.2. Figures of merit

As can be seen, each application makes specific demands on the design and performance of nanowire lasers. Taken together, these
form figures of merit - values that must be optimised during the design-growth-characterise cycle. These include:

Centre wavelength The lasing wavelength of a nanowire laser depends on the modal structure and spectral overlap with the gain
curve. In long-cavity lasers this is typically determined by the gain spectrum; however, control of centre wavelength is often a
challenge for short nanowire lasers (with widely space modal structure) or nanowires where compositional inhomogeneity is present
[11].

Single/multi-mode operation Many applications, particularly those dependant on highly-coherent emission, require single-mode
operation [46-48]. Nanowire lasers with short cavities provide widely spaced longitudinal modes which are better suited for
single-mode operation, but thick wires can host a number of near-degenerate transverse modes. Cavity design is crucial to control the
mode of operation.

Coherence length The coherence length of a nanowire laser is critical for use in photonic circuitry. Specifically, the coherence length
must be on the order of the circuitry size; this is challenging for short nanowire lasers as it requires a high effective quality factor.
High quality end-facets and low distributed losses have been shown to enable millimetre-scale coherence [49].
Pulsed/continuous operation Almost all conventional applications make use of continuously operating lasers. However, the rela-
tively poor thermal stability of nanowire lasers (due to challenges with heat management at the micron-scale) has led to most wires
being operated in a quasi-continuous regime. In some cases, pulsed or rapidly varying operation is actively sought [50]; here, strong
coupling between optical and electronic modes in nanowires provide notable advantages over planar systems.

Lasing threshold Often the key figure of merit reported is the lasing threshold; the input power or energy required to induce lasing.
The lower the threshold, the less pump power is required to generate lasing. This value is highly sensitive to the environment and
experimental conditions. While very low values have been measured for perovskites [11,51] or at low temperature [52],
room-temperature and statistically reproducible values are often sought [49,53].

Damage threshold and thermal stability Laser operation at room-temperature or above is essential for real-world applications.
Materials with enhanced stability are often sought amongst inorganic materials [54], however some progress has been made with
hybrid perovskite nanowire lasers [55] through compositional tuning.

Yield and reproducibility While control over all parameters have improved over the past two decades, it is notable that studies of
yield (the fraction of nanowires which show lasing) and reproducibility are less common. Industrial applications which require
integration must consider the spread in performance [53,56], and the impact of integration and fabrication steps upon this [57,58].
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2. Techniques

Regardless of the material and geometry employed, efficient semiconductor nanowire lasers are typically based on high radiative
rate materials with low-loss cavities. A wide range of materials and photonic characterisation techniques exist to study critical pa-
rameters such as internal quantum efficiency (IQE), photon and carrier dynamics, cavity modal structure and losses, however, care must
be taken applying these to wavelength-scale cavities. Central to this is the challenge in measuring and calculating cavity properties from
precise geometrical studies of the nanowire cavity itself; in conventional macro-scale laser design, the cavity can often be produced to an
exceptionally high level of precision. For nanowires, we are not able to impose specific geometries with ease, and it is hard to measure
and correlate this with individual laser performance.

The combination of unintentional wire-to-wire variation in geometry [59,60] with the highly non-linear relationship between
reflectivity and shape [1] mean that attention must be paid to the implementation of techniques used, simulation and modelling, and
multiple measurements for statistically significant characterisation. In this section, commonly used experimental and modelling tech-
niques are introduced and reviewed.

2.1. Numerical modelling

Modelling of nanophotonic structures has become an essential part of scientific research - to support experimental observations, aid
physical understanding and for optimising design [63]. For nanowire lasers, numerical modelling is often used, as analytical solutions
are not always possible. There are two popular numerical methods for solving Maxwell's equations: finite element (FE) and
finite-difference time-domain (FDTD). FE method solves equations in the frequency domain and is better suited for finding eigenmodes
and estimating cavity Q factors whereas FDTD is a time domain method and is more suitable for broadband simulations such as scat-
tering/absorption cross-section, reflection from an interface and far-field profiles.

One of the first steps in modelling nanowire lasers is determining the guided modes supported in the nanowire cross-section, as
shown in Fig. 2a—c. The modes in a nanowire are similar to those in a cylindrical waveguide, and so the modes found using numerical
methods can be named and identified from their field distribution, polarisation and effective index (dispersion) [61,64]. The calculation
of the mode profiles, group and effective index from numerical simulations is very useful for determining mode confinement factors (I),
axial mode numbers and mode spacing (A4) in lasing spectrum.

Apart from waveguide modelling for which eigenmode solvers or FE methods are used, the majority of other modelling problems
require FDTD. Some of these are depicted in Fig. 2d—f, such as mode reflectivity at nanowire end-facets [13,18], the far-field emission
profile [62] and mode coupling from nanowire into a waveguide [27], respectively. Typically 3D simulations have to be performed for
such calculations, but structural symmetry of the nanowire can help to reduce simulation size and time. In general it is good practice to
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Fig. 2. Numerical modelling of nanowire lasers. (a) A typical arrangement for nanowire lasers has the nanowire lying horizontally on top of a low
index substrate. Guided modes in the cross-section of the nanowire can be found through numerical methods. (b) Mode dispersion as a function of
nanowire diameter [10]. (c) Electric and magnetic field profiles of the first few guided modes in the nanowire, with corresponding vector fields
superimposed. Below the electric field in axial direction showing cavity resonances in the nanowire [61]. (d) Typical setup of a FDTD simulation to
evaluate the mode reflectance from the nanowire/air end facet. Mode reflectance calculated from such simulations for a nanowire lying on SiO,
substrate is shown on the right [18]. (e) Simulation of far-field emission profiles from nanowire end facet for a dipole emitter perpendicular or
parallel to nanowire axis [62]. (f) Simulation of mode coupling in a nanowire integrated with a silicon waveguide [27]. (Reprinted with permission
from ACS Photonics 2017, 4, 10, 2537-2543. Copyright 2017 American Chemical Society.).



S.A. Church et al. Progress in Quantum Electronics xxx (Xxxx) Xxx

check validity of simulations against theory (if available) or other published works and important to do convergence tests to ensure
numerical results are not affected by simulation time span, domain size and mesh resolution.

2.2. Photoluminescence spectroscopy

Photoluminescence spectroscopy refers to the measurement of the intensity of light emitted from a material as a function of photon
energy following optical excitation, which may also be measured as a function of excitation energy, emission polarisation or material
temperature. In comparison to planar films, when studying nanowires as a gain material two additional features must be considered;
wave-guiding of emission by the cavity [65], and wire-to-wire variation in material quality [59]. While ensemble measurements are
useful to characterise a growth run, they suffer from emission dominated by the highest-emitting subset of wires and peak broadening
due wire-to-wire variation and are not considered appropriate for laser studies. A notable exception to this is the case of array-based
lasers, which we consider separately in Section 6.2.

2.2.1. Semiconductor photoluminescence

Photoluminescence emission from a semiconductor designed for lasing typically originates from band-to-band recombination from
close to the conduction band minima to the valence band. Measurement of the low-fluence emission — defined as a fluence where
behaviour is carrier density independent — can be used to find the effective band-gap of the emissive material (for composition
determination) [66], the effective electronic temperature [67], disorder (such as structural disorder [68]), doping [69], defect-related
emission [70], excitonic binding energy [71] and quantum structure dimension [72], strain [73] and composition [49]. Modelling of
emission ranges from simple, such as the fitting of a Gaussian or Lorentzian peak to an emission spectrum, through to use of
semi-empirical models such as convoluted Boltzmann [53] or the Lasher-Stern-Wiirfel model (LSW) [42,74,75], through to a full
quantum mechanical treatment. These models fit the emission spectrum as a function of energy using increasingly complex forms. For
broad emission lines, often a simple Gaussian is used:

In(0,E;) = Aexp( — (E - E,)" /2% @

where Ej is the centre of the emission linked to the band-gap of the material and ¢ is the related to the width of the peak. This approach
assumes symmetric emission around the band-edge, which may be realistic in the case of highly-disordered material at high temper-
atures. Conversely, the emergence of an amplified spontaneous or lasing peak can often be modelled as symmetric where the linewidth
originates from the laser cavity; for an ideal cavity with a high quality factor (Q-factor) the lineshape is best described by a Lorentzian
where

L
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although practical measurement constraints often result in a Gaussian-like line shape. In this case the emission Q-factor is given by Q =

% where AE is the full-width of the emission at half-maximum height. It is notable that the Q-factor of a cavity is best measured during
amplified spontaneous emission, where the cavity properties dominate; measurement of Q-factor during lasing is not representative of
the cavity itself and more details are given in Section 4.1. While the Gaussian and Lorentzian shapes are useful for either crude or high-Q
emission, they are a poor choice for typical semiconductor emission. A comprehensive discussion is beyond the scope of this review but
is covered in great detail elsewhere [76]. A number of semi-empirical approaches to modelling photoluminescence have been used for
nanowire emission. By assuming that the density of state in the conduction band is smaller than in the valence band, thermal energy can
be assumed to manifest as a broadening in electron energy and hence recombination energy. By convoluting a Boltzmann distribution
(for thermal broadening) with a Gaussian (representing disorder) the emission can often be well modelled by [53,72]

Ir.(0,E,, T) = Alexp( — E*/26°) ® \/E —E exp(— (E — E,) [ksT) ], 3)

where T is the effective carrier temperature. In the presence of defects within the band-gap, Urbach [68] developed a model which
allows for an exponential distribution in density of states below the band-edge. This is more commonly observed in absorption than
emission spectra [77]. Recently Fadaly and colleagues have used the LSW model to describe emission from novel hexagonal (wurtzite)
nanowires [42]. In this model, the emission is described as a function of the absorption using a thermodynamic approach described by a
chemical potential [74],

2z E?a(E
Ipi(a) = e (EA(“;I. )]
exp(5F) -

Here a(E) is the absorption coefficient for the material and Ay is the chemical potential of radiation. The choice of model for photo-
luminescence is often driven by the parameters to be determined, the quality of the data, or simply the complexity required to represent
the photoluminescence. One notable issue can arise in the determination of the band-gap; it is notable that models that do not take
temperature into account tend to over-estimate material bandgap energy by a value on the order of kgT.
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Since the work of Kroemer [78] and Alferov [79], heterostructuring and quantum-confinement have become a standard approach to
tune the emission wavelength and increase the IQE of emission. Fig. 3b shows the emission spectrum for a typical quantum well
nanowire system [53], an architecture that has been studied since the 2008 report of a multiple-quantum well GaN-based nanowire
system by Qian [80]. Photoluminescence in these systems can be modelled using much the same approach as described above; however,
the density of states term in equation (3) (,/E — E;) must be modified in the case of quantum wells (to be a constant) [72]. More details
for characterisation of quantum structures are given in Section 3.2.1.

2.2.2. Power-dependent photoluminescence

For materials characterisation it is preferable to use low-fluence optical excitation to avoid carrier-carrier, non-linear optical or trap
saturation effects. This is particularly the case for low-volume nanomaterials, however, many conventional optical techniques require
high excitation density to achieve sufficient signal to noise ratio; these include transient spectroscopy [81], terahertz spectroscopy [82]
and even photoluminescence at low temperatures [83]. For lasing studies however, we are expressly concerned with emission at high
carrier densities where population inversion can be achieved. A typical study is a power-dependent photoluminescence measurement,
where the emission is measured as a function of excitation (pump) power or pulse energy, as shown in Fig. 3d. An evolution in emission
is observed with increasing power from equilibrium emission described above through to hot-carrier emission — due to state-filling
leading to a blue-shift in emission — followed by amplified spontaneous emission with the emergence of wave-guided modes and a
super-linear increase in output, and lasing where narrow emission lines dominating over spontaneous emission and a linear increase in
integrated intensity [84].

The interpretation of fluence-dependent photoluminescence is central to laser characterisation. This experiment is visualised in two
plots; complete emission spectra as a function of incident pump fluence, and extracted parameters such as integrated emission intensity
or emission linewidth (full-width at half-maximum). The former, shown in Fig. 3 is used to illustrate spontaneous emission clamping —
where emission away from the laser line saturates as any further increase in injected energy is directed into the lasing mode — as well as
the onset of lasing and the onset of multi-modal emission. A plot of integrated emission intensity as shown in Fig. 3e provides quan-
titative information about the regime of operation, which gives rise to the characteristic “s-curve”. While the numerical value of this
curve depends on many specific experimental parameters, the shape can be used to identify the approximate onset of amplified
spontaneous emission and lasing (approximately at the first and second turning points, respectively) as well as the f-factor, which
describes the coupling of energy into the lasing mode [40]. The modelling of threshold is described in more detail in Section 5.1.1.

2.2.3. Experimental arrangement
Photoluminescence spectroscopy of nanostructures requires microscopic spatial resolution to address single structures and identify
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Fig. 3. Micro-photoluminescence spectroscopy of nanowires. (a) A typical experimental arrangement for micro-photoluminescence measurements on
single nanowire lasers, depicting radiated and guided collection modes. Spectroscopy for materials characterisation, through (b) spectral modelling of
photoluminescence emission [53] (Reprinted with permission from Nano Lett. 2017, 17, 8, 4860-4865, Copyright 2017, American Chemical Society)
and (c) compositional determination in perovskite alloys [11]. (d) Power-dependant spectroscopy for laser characterisation, with key measurements
(lasing wavelength, intermodal spacing) labelled. (e) The integrated emission as a function of excitation fluence is used to determine laser threshold
through the charateristic ’s-curve* (inset) [93].
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spatial variation in emission. Fig. 3 gives a depiction of two typical arrangements - collinear and non-collinear. In the former, nanowires
are pumped and the emission collected using a single objective [2], while in the latter the emission is collected with a second - typically
on-axis - objective [40,85]. Nanowires are frequently transferred from their growth substrate to an inert carrier, to reduce their density
and to provide high refractive index contrast at their base [60] (see Section 4.1). An exception to this is where the nanowire is grown
onto a waveguide [27,44] or transferred onto one [86], where emission from the waveguide is typically probed. Low-index substrates,
including indium-tin-oxide (ITO) coated glass have been used to avoid modifying the optical confinement of the nanowire laser [10]
while providing good thermal conductivity.

The pump beam can be continuous wave or pulsed; in the former, an equilibrium carrier density is achieved, whilst in the latter the
emission will vary as function of time after excitation leading to the observed photoluminescence being averaged. Continuous operation
is sought-after, however pulsed operation often provides an easier route to achieving population inversion without risk of material
damage through prolonged heating. Quasi-continuous operation provides a compromise where pulsed excitation is used with the pulse
duration exceeding the carrier and cavity photon lifetime — typically in the nanosecond range — leading to the majority of the operation
in the equilibrium regime, such as used by Guilhabert and colleagues [87].

The key specifications of the pump laser are photon energy [49], the beam polarisation (which determines the coupling strength to
the nanowire), the pulse duration (the relationship to the photon cavity lifetime determines whether the laser operates in a pulsed or
quasi-continuous mode), the spot size at the nanowire (which determines whether the wire has homogeneous gain or localized pumping
which can be used for tunable emission [88]) and the incident power or fluence. Varying the latter provides a route to measurement of
the lasing threshold, and measurement of the spot-size and pulse energy is critical to accurate determination. Spot-size can be measured
using a travelling razor blade or an imaging method.

For lasing studies, the pump photon energy can have a profound effect on the lasing threshold and gain [49]. Having a photon energy
close to the bandgap aids in reducing thermal heating, and may therefore reduce the threshold. However, in this configuration,
increasing the pump fluence may generate a carrier density high enough to increase the quasi-Fermi energy separation to above the
photon energy - thereby rendering the nanowire transparent at these energies, and saturating the lasing intensity [89]. High degrees of
p-doping can achieve a similar effect due to the Burstein-Moss effect, resulting in partial filling of the valence band [89].

For generic nanowire studies, a common optical arrangement would be for a nanowire lying flat on a low-index substrate in air to be
excited using a randomly or circularly polarised laser which is defocussed to cover the entire nanowire. The laser spot should be spatially
homogeneous, giving uniform excitation across the nanowire.

2.2.4. Classical and non-classical emission

Isolating the lasing emission from amplified spontaneous emission and photoluminescence can be challenging without the use of
time-resolved techniques [49] as discussed in Section 2.3. Definitive evidence for lasing can be challenging to establish, particularly in
high-g devices. In this case, a combination of power-dependent photoluminescence (with spontaneous emission clamping, a charac-
teristic “s-curve” and line-width narrowing), can be combined with photon-correlation measurements such as Hanbury-Twiss-Brown
correlation to reveal a classical to bunching to classical transition, with the bunching regime corresponding to amplified sponta-
neous emission [40,90]. Additionally far-field measurements show changes in the emission pattern, as discussed in Section 2.4.

2.2.5. Summary

Photoluminescence spectroscopy is a key tool to measure the bandgap, material disorder, electronic temperature and indeed relative
quantum efficiency of emission. With appropriate modelling, it has also been used to study doping in semiconductors [69,91] which can
give rise to band-gap narrowing as discussed in Section 3.3. However, significant challenges exist; the small physical volume of
nanowires coupled with high non-radiative rates in unpassivated structures [92] can lead to negligible emission at room temperature,
and the high carrier density required for lasing studies often necessitates the use of pulsed femtosecond excitation and subsequent
ultrafast dynamics. As such, time-resolved techniques are often preferred for quantitative measurements.

2.3. Time-resolved spectroscopy

Lasing requires a dynamical balance between carrier creation and photon emission. As the length-scale of the gain material and
cavity are reduced, the time-scales involved in this equilibrium are reduced. Under short-pulsed excitation, the carrier density and
photon populations do not reach an equilibrium and a host of ultrafast dynamical processes can be observed. A detailed review of these
dynamics has been produced by Roder and Ronning [21]; what follows focuses on the measurement and interpretation of experimental
findings.

For time-resolved measurements, a short pulse is required to create a non-equilibrium carrier density. This pulse should be
approximated as a Dirac §-function when compared with carrier diffusion, recombination or photon emission processes, and typically a
sub-picosecond pulse is used. Following excitation, carriers are created, which cool rapidly (over the sub-picosecond to hundreds of
picosecond timescale [96,97]). If excitons are created, these can undergo dephasing over sub-picosecond timescales [98]. Over the next
few picoseconds, carriers can diffuse (from tens of nanometres to a micron [99]), form excitons (if energetically favourable) or reach
trap-states [100]. Carriers can also recombine radiatively or non-radiatively; initially, we assume a negligible photon density within the
cavity, so emission is spontaneous, which may or may not couple to a confined mode of the cavity.

2.3.1. Carrier and photon dynamics
The relative population of carriers N and photons S within the cavity are often described in terms of a coupled rate equation [101,
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where I is the modal confinement factor, g is related to the gain coefficient of the material, N is the transparency carrier density, y, is
the cavity photon rate, y,. is the radiative rate and f is the spontaneous emission factor linking emission to coupling to the laser mode.
Additionally, G(t) is a generation rate for carriers, which is linked to the excitation pulse. This approach is valid for a single emissive
mode, but must be modified in the case of multi-mode operation or in the case of multiple carrier types.

Measuring the carrier density and the emitted photon rate as a function of time provides a facile route for measuring physically
important parameters such as y, which are otherwise challenging to assess (as described in Section 4.1). For small and relatively low-
quality cavities such as that provided by a nanowire laser, cavity lifetime can be on the order of a few picoseconds [21], although longer
lifetimes and significantly longer emission dynamics have been demonstrated to many nanoseconds in duration [49]. It is notable that
emission dynamics need not be monotonic; a recent study by Thurn has demonstrated that very high frequency oscillations (> 100GHz)
can occur in nanowire architectures arising from dynamic competition between heating and cooling [50].

2.3.2. Experimental arrangement

Three experimental types are typically used to probe these dynamics, as shown in Fig. 4: picosecond time-resolved emission
including time-correlated single-photon-counting (TCSPC) [49], pump-probe techniques including two-pump methods [50,94,98], and
ultrafast techniques such as Kerr-gating spectroscopy [95] or transient reflectivity [103]. Picosecond dynamics are well suited to
low-fluence emission with relatively slow dynamics, as the TCSPC technique is often limited to timescales greater than 30 ps, although
this approach provides an additional opportunity to integrate Hanbury-Brown-Twiss photon-bunching measurements (see Section
2.2.4). This technique is typically carried out in a similar arrangement to standard photoluminescence spectroscopy (see section 2.2),
but using a TCSPC detection apparatus. The same results can also be achieved using a streak-camera detection for resolution down to
2 ps. Detection of infrared emission requires non-silicon based detectors, and InGaAs and superconducting detectors are now emerging
tools for this range.

Ultrafast spectroscopic techniques are ideal for studying femtosecond to nanosecond dynamics, where non-linear and scattering
effects may dominate [95]. This is particularly important for very short pulse emitting systems, such as poor quality materials that
depend on fast radiative recombination [104] for efficiency. To achieve such short time resolution, optical methods for gating the
emission must be used, such as fluorescence up-conversion spectroscopy [105] or Kerr-gating [106]. In both cases, an ultrafast pulse is
split into two beams using a beam splitter, with one termed the pump and the other termed the gate. The pump is used to photoexcite the
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Fig. 4. Time-resolved spectroscopic techniques provide dynamical information of nanowire laser operation. (a,b) Time-correlated single photon
counting (TCSPC) can be used with spectral resolution to provide emission dynamics on the ~10 ps to microsecond timescale [49]. This timescale is
matched to carrier recombination times in high quality materials, and is best suited to study of photoluminescence. (¢) Pump-pump methods can be
used to determine the photon cavity lifetime, by determining the coherence of emission due to two temporally separated pulses [94] (Reprinted with
permission from Nano Lett. 2015, 15, 7, 4637-4643, Copyright 2015 American Chemical Society). (d) A Fourier transform of the collected emission
provides the onset time (related to carrier cooling) and the coherence time. (e) Ultrafast Kerr-gating spectroscopy provides time and energy resolved
emission with sub-picosecond resolution. (f) It has been used to study the dynamics of laser emission from CsPbBr; nanowire lasers, linked to dy-
namic changes in refractive index and carrier cooling [95].
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sample, and photoluminescence is collected via low dispersion optics (such as reflective optics) and focused to a gating material. The
intense gate pulse is aligned coincidently with the photoluminescence on the gating material, generating a non-linear process which
affects only the photoluminescence photons in the gating material during the gate pulse. This creates an “optical shutter” effect, either
through sum-frequency generation (in photoluminescence up-conversion) or using transient birefringence (in Kerr-gating), and the
upconverted light (or rotated photoluminescence) can be filtered and measured using a spectrometer. In transient reflectivity, it is the
reflectance of a sample that is monitored as a function of delay, which can provide information about non-emissive dynamics such as
surface recombination [103].

The pump-probe method also utilises non-linear processes and two or three ultrafast optical pulses to generate time-resolution.
However, in this case the non-linearity is within the nanowire itself, either in its coherent response [98,107] or the carrier-photon
coupled bath. This technique first creates a carrier population in the nanowire, which evolves for a period 7 before a second pulse
arrives. The second, weaker probe pulse is typically chosen such that it is below the lasing threshold, but can “top-up” the carrier
population if it arrives after a stronger initial pulse. This induces a second lasing pulse, which can interfere with the first pulse creating a
characteristic spectral interference (see Fig. 4b). This approach is unique in providing a number of insights; the minimum delay to
observe interference is the turn-on time of the laser, while the maximum delay is the time to pulse-end [21,50]. The two-pulse technique
is a powerful method to understand dynamics within single nanowire laser structures.

2.4. Far-field and Fourier plane imaging

The polarisation and far-field intensity profile of light emitted from any laser are important characteristics for identifying the lasing
mode. However, unlike conventional edge-emitting lasers or VCSELs, the light emitted from nanowire end facets is highly divergent
because the guided modes are fully vectorial with large transverse k-components [13,30]. Subsequently this presents some challenges
for characterisation, as only a fraction of the light emitted from the nanowires can be measured with limited numerical aperture (NA)
microscopy techniques. Furthermore, the substrate or other dielectric structures surrounding the nanowire can modify the far-field
patterns. For nanowires lying horizontally on a substrate, the substrate also physically restricts optical measurements to only be
side-on [108]. To characterise the emission end-on from the nanowire, the nanowire has to be either vertically standing or
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Fig. 5. Farfield and modal characterisation. (a) Optical images showing nanowire laser emission below and above threshold [109]. (Reprinted with
permission from Nano Lett. 2006, 6, 12, 2707-2711. Copyright 2006 American Chemical Society.) (b) Polarisation resolved images may reveal
distinct profiles that can help to identify which transverse mode is lasing by comparing with numerical simulations [108]. (Reprinted with permission
from Nano Lett. 2015, 15, 8, 5342-5348. Copyright 2015 American Chemical Society.) (c-d) The axial order of the mode in the nanowire can be
characterised by angle-resolved spectroscopy. In this method, the Fourier plane is imaged onto the spectrometer slit and the emission spectrally
resolved. The spatially coherent emission from the two nanowire ends results in interference fringes, and the order and parity of the longitudinal
mode can be inferred by fitting the fringe spacing [110]. (Reprinted with permission from Nano Lett. 2014, 14, 11, 6564-6571. Copyright 2014
American Chemical Society.) (e) Fourier plane image of nanowire laser emission and simulated far-field profile for TMO1 mode. Here the nanowire is
measured side-on [108]. (Reprinted with permission from Nano Lett. 2015, 15, 8, 5342-5348. Copyright 2015 American Chemical Society.) (f) An
alternative approach to characterise far-field emission is to do head-on measurements. Here the nanowire is suspended from the edge of the substrate
and the emission profile from one end-facet measured [85,111]. (Reprinted with permission from Nano Lett. 2016, 16, 4, 2878-2884. Copyright
2016 American Chemical Society.).
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substrate-free. The latter can be achieved by suspending nanowire from the edge of a substrate by micro-manipulation or cleaving the
substrate [85] (but the method is time consuming and not easy to extend for large number of nanowires).

Side-on measurement configuration for nanowire lasers, which is most common, can still provide substantial information for mode
characterisation. Widefield imaging of nanowire lasers (with the pump laser filtered out) reveals different emission profiles below and
above threshold [109]. Uniform emission from the body of the nanowire is typically seen for photoluminescence, whereas with the onset
of gain and amplification of guided modes, bright emission from nanowire ends are observed. Distinct interference pattern is typically
seen in widefield images when lasing emission from nanowire ends dominates, as in Fig. 5a.

Analysing the polarisation of emission from nanowire lasers and imaging the emission patterns with a polariser, as in Fig. 5b, can
reveal distinct characteristics from which the lasing mode(s) can be identified [108]. This method requires comparison of mode profiles
with simulations and so is most effective when the nanowire lasers are single mode and the end-facets are flat (so that the emission
pattern is not distorted and can be well matched to simulations). The degree of polarisation, which defines how strongly polarised the
emission is parallel or perpendicular to the nanowire axis, provides another metric for characterising the lasing mode.

Angle-resolved micro-PL spectral measurements on nanowires are useful for characterising the longitudinal modes in the nanowire.
In this method, the emission pattern at the Fourier plane of the lens is imaged onto a spectrometer and spectrally resolved. A diagram of a
setup is depicted in Fig. 5c. Interference fringes are observed at specific wavelengths corresponding to different amplified cavity modes
(Fig. 5d). The position of these fringes depends on the nanowire length, wavelength and phase difference between the emission from the
two ends. By analysing the fringe spacing and spectral position of modes, the axial order of the longitudinal modes in the nanowire can
be determined [110].

An extension of the angle-resolved spectroscopy technique is Fourier plane imaging, where the emission pattern at the Fourier plane
is directly imaged. This provides a 2D angle-resolved emission profile within the angular range given by the NA of the objective lens. For
nanowire lasers, the Fourier plane images above threshold can show distinct features, particularly when analysed with a polariser [111].
Similar to the polarisation-resolved widefield images, matching of the Fourier plane images with simulated far-field profiles for the
guided modes is required for identifying the lasing mode. The Fourier plane imaging experiments can be performed in both in side-on
and end-on configurations, as shown in Fig. 5d and e. The side-on experiments are easier to perform but the Fourier plane images show
interference fringes as a result of the phase-correlated emission from the two ends of the nanowire, whereas the end-on measurements
are more difficult to perform but are not affected by interference and so the emission patterns are easier to simulate. Both side-on and
end-on Fourier plane imaging methods require the nanowire laser to be lasing from single transverse mode, in order to unambiguously
identify the lasing mode from simulations.

3. Material characterisation

Optimisation of the optoelectronic quality of the material used to fabricate lasers has long been a key challenge, as recognised since
the early days of laser development by Hall [112] and Hayashi [113]. While general material quality, as determined by crystal structure,
defect density and uniform doping remain important, nanowire lasers present an additional challenge due to their dimensionality and
the potential for interwire disorder [59]. In this section, the measurement of key optoelectronic parameters is discussed, namely internal
quantum efficiency, heterostructuring, doping and gain.

3.1. Internal quantum efficiency

The internal quantum efficiency (IQE) or photoluminescence quantum yield (PLQY) of a material is defined as the ratio of photons
emitted to photons absorbed (or electron-hole pairs injected), vigr = % In conventional laser structures this value is measured either by

calculation (taking into account optical effects), or more commonly by referencing the emission to a material or regime with a known
quantum efficiency. In the former case, optical absorption is relatively easy to calculate given an incident optical power and a known
refractive index; a calibrated integrating sphere can be used to measure the total emission [117], and best-practise approaches are now
established (such as for emerging LED materials [118]). For nanowires, this approach is complicated by the difficulty in characterising
the absorption of a single structure; the wavelength-scale dimensions give rise to resonances, rapidly varying absorption [119] and
waveguiding [65]. Again, integrating-sphere approaches have been demonstrated by Mann [114,115], but these remain challenging
experiments and variation in absorption between nanowires remains hard to characterise.

An alternative approach makes use of modelling of emission to calculate IQE. The most commonly used and simple approach in-
volves cooling a sample to low temperature, where traps are filled and non-radiative processes can be assumed to be negligible; this is
typically at cryogenic temperature where excitonic emission dominates [120,121]. By taking the ratio between emission intensity at low
and high temperature, the quantum efficiency can be approximated; while this method is effective in correcting optical effects, it ne-
glects temperature-dependant changes in refractive index or absorption. In 2015 Wang described a method to fit the power-dependant
photoluminescence intensity of a single nanowire to a rate equation model [116] based on a model developed by Yoo [122]. In the high
IQE limit (VIQE > 0.5):

1 1
I(P)cxlog< + nD) —log (M) + ny, 7)

ny no

where np is the doping density in normalised units of kxr/B, kng is the non-radiative rate, B is the radiative recombination coefficient
and ny is the initial carrier density. The output of this fitting is shown in Fig. 6¢. This method is powerful in that it provides the IQE at a
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single nanowire level, and can even be used to understand variation in emission within a single structure. However a number of as-
sumptions are required, including the need for high IQE.

An alternative method to calculate the IQE has been demonstrated by Alanis [56], which makes use of variation in doping in
inhomogeneous ensembles of nanowires. In this approach, several thousand nanowires are characterised for emission intensity and
doping level. By fitting a model for IQE as a function of doping to this distribution:

Bp

nige(p) = akim ¥ Bp+ CpP

€]

where «a is an experimental constant, B is the radiative recombination coefficient and C is the Auger recombination coefficient, values for
both @ and ky,; can be obtained by fitting. This method has the advantage of providing statistical confidence in the measurements [59],
but only effectively works in the high-doping regime [69].

3.2. Axial and radial heterostructures

A key advantage of the nanowire architecture is the flexibility provided for heterostructuring. Axial heterostructures — where
properties vary along the length of the nanowire — have been explored for creating novel materials [123], nanoscale barcodes [124],
electrical junctions for photovoltaics [125], and as quantum structures for lasing [126]. Radial heterostructures — where properties vary
across the width of the nanowire — are used for surface passivation [100,127], strain management [73,128,129], and perhaps most
importantly for quantum confinement for lasing [80,130].

The primary method for characterising heterostructures is using electron microscopy, particularly transmission electron microscopy
(TEM), and scanning-TEM (STEM) as these provides direct measurements of crystallographic and atomic properties at the nanometre
lengthscale [131,132]. However, for lasing the most important application of heterostructuring is quantum confinement [133]; for
quantum confined structures optical techniques are well suited for characterisation.

3.2.1. Quantum confinement

By sandwiching a layer of semiconductor material between two higher bandgap materials, carriers become confined to a potential
well with a thickness defined by the separation of barriers and the energy offset. In planar films, a wealth of experience exists to
accurately grow quantum structures with a known thickness and composition, however, in nanowires the change of growth mechanism
(for axial structures) along with effects such as shadowing make the production of uniform quantum structures challenging.

Not only can quantum structure composition vary between nanowires, it can also vary within single structures. For this reason, high-
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Fig. 6. Optical methods to measure optical absorption and internal quantum efficiency. Accurate calculation in the presence of geometrical
anisotropy and waveguiding is challenging. (a,b) An integrating sphere provides absolute absorption and emission with appropriate calibration [114,
115]. (c,d) Confocal microscopy can be used to identify and isolate waveguiding effects [65] (Reprinted with permission from ACS Photonics 2017, 4,
9, 2235-2241. Copyright 2017 American Chemical Society). (e—g) Modelling of power-dependent photoluminescence can provide an indirect
measurement of internal quantum efficiency [116]. (Reprinted with permission from Nano Lett. 2015, 15, 5, 3017-3023. Copyright 2015 American
Chemical Society).
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through spectroscopy can provide insight into variation in quantum well width across a growth population [53,72], where the emission
of the well region can be combined with modelling to infer the well thickness. Cathodoluminescence, while not purely an optical
technique, is often used to characterise emission variations on the nanometre length-scale by using the electron beam of a scanning
electron microscope to excite carriers [134,135] as pioneered by Gustafsson.

3.3. Doping

Doping is an extensively used technique to enhance nanowire performance by reducing the non-radiative recombination and
increasing the radiative recombination rate [91,136]. The improvement of the performance is observed by an increase in the IQE of the
nanowires. Optical methods are preferred to characterise doped nanowires owing to the avoidance of destructive or contact-based
measurements, which are highly challenging. While Storm and colleagues demonstrated single nanowire Hall-effect measurements
in 2012, this process has not often been repeated as the technical challenges in making nanoscale contacts without inducing defects is
prohibitive [137]. Common optical techniques applied to study doping include Raman spectroscopy, transient terahertz photocon-
ductivity, and photoluminescence spectroscopy [138].

Raman spectroscopy is based on inelastic light scattering where the doping concentration can be evaluated from vibrational modes.
Back-scattering and forward-scattering are the most common geometries for Raman spectroscopy as illustrated in Fig. 7(a). While the
forward configuration is challenging to implement, it provides access to the longitudinal optical (LO) mode for a nanowire laying on a
substrate which is not observable in the back-scattering configuration [139]. While the dopant flow during growth is often well known,
measuring the incorporation of dopants in the nanowires is a crucial parameter to determine doping efficiency and improve the per-
formance [140]. The influence of incorporation and activation of the dopant is observed as broadening and red-shift of the characteristic
LO mode [141]. Line shape analysis of the peak determines carrier density in the nanowire [142-144]. Ketterer and colleagues
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Fig. 7. (a) Raman spectroscopy configurations in back-scattering and forward-scattering. (b) Raman spectra of the LPPCM in nanowires with
different free carrier concentrations in cm 3. The spectra show two peaks representing the TO mode and the LO mode at around 267 cm ™! and 290
em ! respectively for undoped GaAs nanowires. The solid line is the fit of the data using a Lorentzian line shape for the TO phonon. cg; is the nominal
Si concentration and g is the free hole concentration from fitting [145]. (c) Schematic diagram of transient THz measurements on a nanowire. The
change in pulse transmission as a function of time delay is converted to conductivity o(®). (d) Photoconductivity spectra obtained from OPTP for
undoped and n-type Si-GaAs/AlGaAs nanowires obtained at different times after photoexcitation. The pump excitation fluence is 114 uJ/cm? for both
samples. The two components of the photoconductivity are shown in blue (real) and red (imaginary), the solid line indicates the fitted plasmon
responses. Due to doping, the plasmon frequency is shifted with respect to the undoped nanowires [149]. (Reprinted with permission from Nano Lett.
2015, 15, 2, 1336-1342. Copyright 2015 American Chemical Society.) (¢) Room-temperature photoluminescence spectra of n-type Si-doped GaAs
nanowire arrays at different disilane flow rates. High carrier density leads to broadening and blue-shift of the peak. At very high doping level (~2 x
108 em~3) the peak shows red-shift and less broadening, suggesting that Si-dopant acts as acceptor (p-type) due to the amphoteric features of Si
[151]. (f) IQE as a function of doping level for Zn-doped GaAs nanowires. The red line is fitting as described in a previous work [56]. The nanowire
emission increases with doping followed by a decline due to Auger recombination process. (Reprinted with permission from Nano Lett. 2019, 19, 1,
362-368. Copyright 2018 American Chemical Society.)
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measured the hole concentration in p-type Si-doped GaAs nanowires labelled as pgee, as shown in Fig. 7(b), from fitting the
LO-phonon-plasmon coupled mode (LPPCM) [145]. These calculations are valid for a lower density of carriers (<10" cm’g) as the
LPPCM mode broadens and shifts to frequencies closer to mode with increasing dopant concentration in Zn-GaAs nanowires [146]. This
increases the uncertainty of the line shape analysis due to overlap of the LPPCM and TO modes, as reported by Irmer and colleagues
[147].

Transient terahertz (THz) photoconductivity is complementary to Raman as both probe plasmon modes that are linked to the carrier
concentration [148]. This technique is based on detecting the change in the both phase and amplitude of THz pulse due to photoex-
citation which can be converted to photoconductivity [149]; from this, the carrier density, mobility, and lifetimes can be extracted.
There are two categories for terahertz techniques; THz-time domain spectroscopy (THz-TDS) and optical pump-THz probe spectroscopy
(OPTP). THz-TDS probes carriers at equilibrium and provides the electrical conductivity 6(w). OPTP is a time-resolved technique used to
probe carriers at excited state and hence reveals the carrier dynamics [150]. The latter is a preferred technique due to the enhanced
signal-to-noise ratio when measuring differential transmission. A sketch of this technique is shown in Fig. 7(c). Boland showed the effect
of doping on the photoconductivity dynamics in n-type GaAs/AlGaAs core-shell nanowires [149] as illustrated in Fig. 7d. The plasma
frequency increases with respect to the undoped material due to increased carrier density.

Photoluminescence is a common technique to study the effect of doping on nanowires — a description is given in Section 2.2. Doping
results in a Fermi level shift (known as a Burstein-Moss shift) and broadening of the photoluminescence peak [91]. With appropriate
calibration, the carrier concentration can then be determined using the full-width at half-maximum (FWHM) of the photoluminescence
peak or the energy shift. Arab and colleagues reported a study on n-type Si-doped GaAs nanowires where such a blue-shift in photo-
luminescence with increased silicon incorporation was observed, as depicted in Fig. 7e [151].

Alanis studied p-type Zn-GaAs nanowires using micro-photoluminescence and calculated the active carrier concentration based on
the energy-shift due to doping [56]. In this study, doping enhanced the photoluminescence emission due to an increased radiative
recombination rate. This enhancement is characterised by the IQE of the nanowire which is strongly dependent on the doping density
and the nanowire geometry as described in Equation (8) above. Fig. 7(f) illustrates the IQE as a function of the hole concentration for
p-type GaAs nanowires [56]. At low doping levels, non-radiative recombination dominates; as doping is increased, the radiative rate
increases leading to enhancement in emission. IQE declines with a further increase of doping due to the domination of Auger recom-
bination at high doping level.

Measuring modest doping densities (< 10'® em~3) is challenging using these techniques. For example, Burstein-Moss shift due to
doping is only observed when the carrier density exceeds conduction band density of states which for InP 5 x 107 em ™ [152]. For low
level doping measurements, atom probe tomography (APT) can be used [153-155] with sensitivity down to 10'7 cm™3 [156].

3.4. Gain measurements

The gain, or more specifically the modal gain, provided by a nanowire is a critical parameter for laser operation. Conventional optical
methods to measure gain (given in inverse length units) include variable stripe-length excitation [157] and cut-back approach (for
fibre-optics), where the emission of a laser material is measured as a function of gain material length.

However both of these techniques are extremely challenging for the nanowire architecture and have their own uncertainties [157,
158], due to the need for manipulation of the cavity at the micron length scale and the ease by which the end-facet reflectivity is
modified by fabrication [57]. A notable exception is where pumping is spatially modified to provide a variable gain region [159]. In the
earliest nanowire laser studies, the gain was estimated by comparison with thin-film gain [160], where Johnson and colleagues esti-
mated a value of 280 cm™! for ZnO nanowires. Maslov and Ning identified the challenge in these measurements; due to the strong
confinement of electric fields, the modal gain in a nanowire laser can vary significantly from bulk gain in these systems [31]. More
importantly, the modal gain varies strongly with mode type and with nanowire diameter [1]. It has become most common that gain
calculations are performed using advanced optical simulations, such as finite-difference time-domain methods (see Section 2.1) [161].
This approach has led to the dominance of computational approaches [10,11,108].

A notable exception to the lack of experimental measurements was provided by Richters and colleagues, who used masked excitation
to selectively pump specific regions of a single zinc oxide nanowire [162]. In this experiment, the modal gain was measured by
comparing the emission intensity for different pump region lengths, replicating the variable stripe-length experiments previously
described. The modal gain for a series of nanowires of different widths was calculated, revealing gains of up to 5000 cm ™.

While direct optical measurement of the material or modal gain for a single nanowire are challenging, a closely related value — the
differential gain a, where g = a(N — Ny) and N and Nj are the carrier density and transparency density — can be extracted by modelling
the emission (LILO) curve as shown in Fig. 3e. Gao described the fitting of experimental light-out as a function of power-in data using a
coupled rate equation model [163], where they obtained a value of 1.5 x 107 em®s ™! for GaN nanowires; in that case, the value was
found to be close to the material gain as the diameter of the wires used were significantly larger than the wavelength of the laser output.

4. Cavity characterisation

A crucial component to any laser system is the cavity, which determines the lasing modes of operation. As previously discussed, the
laser cavity is defined by the nanowire, and therefore the lasers can benefit from the wave-guiding effects of the nanowire, and the
reflectivity of the cavity end facets. However, this means that commonly observed intra- and inter-wire geometrical variation [59] will
have a large impact on the functional performance of the lasers. It is therefore important to consider the factors which affect the
nanowire cavity when designing any nanowire laser.
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4.1. Cavity reflectivity

The reflectivity of the cavity end facets is an important factor in determining laser performance as it governs the degree of photon-
feedback within the cavity [165], as well as the extraction efficiency of the coherent light. The reflectivity is typically influenced by the
nanowire refractive index, diameter [1], environment [26], facet roughness [57] and, for vapour-liquid-solid (VLS) growth, the metal
catalyst [10]. It is common to investigate these effects using FDTD calculations [1,18,26,166,167], which are discussed further in section
2.1. Typically, as the nanowire radius reduces, an increasing portion of the laser mode energy is outside of the nanowire cavity: this can
reduce the reflectivity when compared to the Fresnel reflection coefficients [1]. However, reduced mode confinement can also enhance
the reflectivity for nanowire/substrate interfaces due to the larger reflection at the air/substrate interface [1]. It follows that the
reflectivity is also strongly dependent upon the lasing cavity mode, as well as the optical polarisation, and therefore the full picture can
be complex. These methods also consider idealised nanowire systems, with perfectly shaped and smooth facets: which is not the case in
reality, as demonstrated by SEM images in Fig. 8a. Experimental approaches to determining the cavity reflectivity are therefore crucial
to remove the ambiguity that arises from the theoretical approach.

It is challenging to directly measure the cavity reflectivity: it can be extracted by measuring parameters on which it has an effect,
such as the modal gain threshold. This is approximated by equation (9) [168]:

log(RR,)
L

8m = 0o — (C)]
which is influenced by changes in the end facet reflectivities R; and Ry, as well as the cavity length L and distributed losses ay. More
details about measuring the threshold will be provided in section 5.1.1. The cavity length can be measured either from optical or
electron microscopy, luminescence microscopy [49], the mode spacing of a multi-mode nanowire laser [11] or a series of nanowire
lasers [169].

Using the modal gain threshold to determine the reflectivity is problematic due to the ambiguity in the value of ag, the physical
origins of which are discussed in Section 4.2. In conventional (non-nanowire) lasers, ay can be measured by studying lasers of different
lengths, or by optically exciting the lasing medium at different distances from the end facet [170]. The latter is a challenging approach in
nanowires due to their small size, resulting in difficulties in detecting the intensity from one facet. However, the former approach is
feasible, and can be highly effective as a large number of nanowire lasers can be studied. By measuring the laser threshold of a sta-
tistically significant number of nanowires, it is possible to apply correlative techniques [171] to harness the variation of cavity length
and to assess how this impacts the variation of threshold with cavity length. These large datasets will allow the decoupling of ap and the
reflectivity [2] from the data.

It can be simpler to probe the cavity reflectivity by measuring the laser coherence length L., which is independent of ag. The
coherence length is related to R, along with n and L by
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Fig. 8. A nanowire laser cavity can be characterised by imaging or spectroscopic methods. (a) SEM images showing the roughness of the cleaved
facets of GaAs nanowires transferred using PDMS stamping, rubbing and ultrasound for 5 s or 100 s [57]. (b) Histograms demonstrating the impact of
the transfer method on the lasing threshold of the GaAs wires: the lowest median threshold, and smoothest end facets are achieved for ultrasound for
55 [57]. (c) An interferometric TCSPC setup capable of measuring the cavity coherence length of nanowires [49]. (d) An interferogram for the first
1 ns after excitation from a GaAsP/GaAs nanowire. A Gaussian fit to the visibility against path length difference & is used to extract the coherence
length and hence reflectivity [49]. (e) A schematic diagram for cavity length and facet reflectivity control by nanowire transfer onto a metallic grating
[164]. (f) Representative shifts of the reflectivity of the metallic grating achieved by increasing the grating period [164].
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where the refractive index, n, can be typically found from literature. This measurement can be achieved using an interferometer, such as
the Michelson shown in Fig. 8c. By moving one of the interferometer mirrors axially, a pattern of constructive and destructive inter-
ference with distance can be observed, as in Fig. 8d. The visibility of the fringes in this interferogram is related to the coherence of the
light. The coherence length can therefore be determined by fitting the variation of visibility with distance, as in Fig. 8e [49]. However,
for pulsed nanowire lasers this experiment is complicated by the competing effects from stimulated and spontaneous emission. The
lasing lifetime can be many times faster than spontaneous emission, and so time-gated interference techniques are required to isolate the
lasing photons [172].
Another experimental approach is to measure to the Q factor, which is related to the reflectivities by equation (11):
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As discussed in section 2.2, Q can be measured using the FWHM of the PL spectrum. There is a distinction between the cavity Q factor
and the lasing Q factor: the latter is higher due to a narrower FWHM of the emission peak [173]. The cavity Q can be measured using
amplified spontaneous emission (ASE), whereas the lasing Q is measured from the stimulated emission spectrum. Whilst the lasing Q is
often reported, it is the cavity Q which is required to determine the cavity reflectivity, provided that the cavity length is known. In
nanowire lasers the Q factor can be reduced by lasing modes leaking outside of the waveguide [173] and inclined or rough sidewalls
[174].

Manipulation of the cavity reflectivity is often desired: typically a higher reflectivity is required to reduce the threshold gain and
enhance the performance. As previously discussed, increasing the reflectivity of the nanowire/substrate interface is easiest to achieve, as
this is typically the least reflective due to the high refractive index of the substrate [1]. Transferring the nanowires onto an alternative
substrate can increase this reflectivity several times [1]. However, nanowire transfer involves breaking the nanowires near the base,
which is not a controlled process and can result in a rough interface with a low reflectivity, as shown in Fig. 8 (a) [57]. This can also
introduce variation in the transferred nanowire length as the breakpoints will not be consistent. Various techniques exist to carry out the
transfer. The simplest is by gently rubbing the as-grown nanowires onto the substrate. More involved techniques can yield improve-
ments in the reflectivity and threshold gain: this includes solution based methods with an ultrasound bath [57] and transfer printing
[175], as shown in Fig. 8 (b).

Careful nanowire design can enable controlled manipulation of the reflectivity, along with the cavity length, which can be use to
select the lasing mode. This can be done in-situ for bottom-up nanowires by introducing a reflective layer, such as a distributed Bragg
reflector (DBR), into the structure [176,177]. However, further development is required to reach the theoretical reflectivities of > 90%.
The inclusion of reflective layers in the substrate can have a similar, if reduced, effect [26]. Alternatively, top-down nanowires can be
transferred onto specially designed substrates, such as a metallic grating reflector, fabricated using lithography [164], as shown in Fig. 8
(e). The reflectivity spectrum can be tuned by changing the spacing of the grating to optimise the reflection for the avelength, and lasing
mode, desired.

4.2. Cavity losses

Distributed losses in the cavity, ag, are those which scale with nanowire length, and need to be minimised to reduce the threshold
gain. These effects vary depending upon the technique used to produce the nanowires.

For bottom-up techniques such as VLS [178] or selective area epitaxy [179], the growth is governed by thermodynamic processes
and hence the side walls are usually defined by low free-energy crystal facets [180]. By their nature, these facets are smooth. However,
sub-optimal growth conditions can lead to the formation of micro-facets [132], or a “sawtooth” pattern [181], on the sidewalls.
Scattering of the optical fields from rough structures can increase the losses from the cavity [174].

Extended defects, such as dislocations, also have an impact on the modal gain. This is important for top-down nanowires, which can
contain dislocations that were present in the etched epilayers [180]. In contrast, bottom-up nanowires are less susceptible due to
reduced strain relaxation [182]. The defects can act as non-radiative recombination centres and so care must be taken to minimise their
density.

The etching rate for top-down nanowires is anisotropic and depends on the crystal facets and the doping concentration [180]. It is
possible to tune these effects to form side walls consisting of crystal facets with reduced surface states. Through careful design of the
etching process, the roughness can be minimised: this has been achieved in GaN nanowires with atomic-smoothness [183].

Non-radiative recombination at surface states is another source of loss within nanowire lasers [184]. This effect can be minimised by
preventing carriers from reaching these states. This surface passivation can be achieved by introducing a radial heterostructure to
prevent carriers from reaching the surface [100,184,185], as discussed in Section 3. This is relatively trivial to achieve for bottom-up
nanowires, but often requires transfer of wires between different reactors when applied to top-down wires. This can result in
contamination of the interface and additional non-radiative recombination channels [180].

The wave-guiding properties of the nanowire can also contribute to the cavity losses. For widths similar or less than the lasing
wavelength in the material, a significant proportion of the lasing energy density is outside of the side facets of the cavity and is easily lost
[10,13,18]. This effect is larger for nanowires grown on their side, or which have been transferred onto a substrate, due to a reduced
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refractive index difference at one of the cavity walls. Additionally, tapering of the nanowire walls can increase cavity losses [174]. These
losses can be minimised by increasing the mode confinement, either by increasing the nanowire diameter, reducing the lasing wave-
length or by selecting substrates with low refractive indices.

It is also important to consider the energy distribution of the lasing modes within the nanowire, and nanowire heterostructures must
be designed with this in mind. For nanowires with radial quantum wells, the heterostructure is the laser gain medium, and can be
aligned with the lasing mode to optimise the performance [186]. However, a poor choice of heterostructure can increase cavity losses.
For examples, in AlGaAs/GaAs nanowires, photons emitted from the heterostructure will be reabsorbed by the GaAs core [53].

4.3. Geometric effects and single mode lasing

Single mode operation of nanowires can be desired for applications requiring a high spectral purity and a high communication
bandwidth [187]. This can be achieved by reduction of the nanowire width or length [47], but this leads to increased cavity losses and
higher threshold gains [186]. Cavity engineering can offer a promising way of achieving single mode operation without these
downsides.

Often VLS-grown nanowires exhibit a tapering geometry from base to tip, which is attributed to the effect of contact angle [188] and
variation in fabrication conditions, such as precursor pressure [189], temperature [180] and catalyst volume [190], throughout the
growth. Tapering is also possible in wires produced by etching [180]. Whilst the tapering can increases cavity losses [174], careful
design can be beneficial towards the lasing performance. The taper can reduce the number of lasing modes due to an effectively smaller
diameter: this has been demonstrated in ZnO nanowires, resulting in a higher lasing intensity when compared to a uniformly thin
nanowire [111].

Single mode operation is also possible by coupling two laser cavities together [46]. However, manipulating two nanowires into the
required configuration is challenging due to small tolerances on the alignment and spacing required to achieve strong coupling and
lasing [191]. Alternatively, focused ion beam milling can be used to cleave a single nanowire in two, which guarantees axial alignment
and can precisely define the spacing and coupling strength [163].

For narrow nanowire cavities it is possible to counterbalance the increased cavity losses by careful design of the gain medium [48].
This has been demonstrated in GaAs wires, grown using selective area growth, by introducing InGaAs quantum disks and passivating the
surface [186]. By performing these steps, room temperature thresholds of 48 pJ cm ™2 were achieved with single mode operation.

5. Laser characterisation

Lasing is characterised by a number of key properties, such as narrowing of linewidth together with a marked increase in output
intensity at threshold, clamping of spontaneous emission with pumping, and increase in the coherence and degree of polarisation of
emission. The lasing threshold is one of the most important figure of merits, which is often reported in terms of the threshold pump
power (for CW pumping) or threshold fluence (for pulsed pumping). However, the measured threshold power values are dependent on
experimental conditions, such as the wavelength of the pump, beam shape and pulse width (for a pulsed pump) and so cannot be easily
used for comparing performance of different devices. A more reliable metric for comparing lasers is the threshold gain or threshold
carrier density, which can be estimated by fitting rate equation model to experimental data. Such analysis also provides estimates of key
laser parameters such as the Q and g factor [192].

5.1. Rate equation modelling

The light-in light-out (LILO) characteristics of a laser extracted from power-dependent spectral measurements can be modelled using
laser rate equations (RE). As introduced in Section 2.3.1, these are a set of coupled differential equations that describe the relationship
between lasing threshold and material and cavity properties. The exact form of RE depends on the gain material, cavity and pumping
method. In general for multimode lasers the RE include separate equations for each lasing mode [193], however for nanowire lasers with
one or few lasing modes they are typically simplified to single mode equations. For pulsed optical pumping, the RE are typically
expressed as [194]:

dN _ n

E = haoV, P(t) - Rnr(N) - Rrp<N) - Vgg(N)S (12)
as_ Iv,g(N)S — ) +TpR,,(N) (13)
dt 7,

where the explicit dependence of radiative Ry, and nonradiative Ry, recombination rates on carrier density N can be included [192]. The

pump pulse P(t) can be modelled as a Gaussian function P(t) = Ppeakexp[’(zf“)z], where Ppeax is the pulse peak power and A is related to

the pulse width A = ;\v;:% [195]. Other parameters in the RE are: pumping efficiency 7, photon energy #w, active region volume Vg,

cavity photon lifetime 7, group velocity v,, mode confinement factor I' and material gain g(\).
Material gain generally has both a spectral and carrier density dependence, however, in RE it is usually approximated at a specific
wavelength or with its peak value. The gain dependence with N is typically modelled as a linear function, as in Equation (6), which is
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valid in the vicinity of the threshold and for low threshold carrier densities below gain saturation. The gain function can be derived from
microscopic gain model [192] or obtained from experiments using methods discussed in Section 3.4. The latter is quite useful for new
active materials for which gain coefficients or gain model is not known.

While there are several parameters in RE (photo-physical, gain and modal), reliable estimates for them can be obtained from
literature, photoluminescence measurements and FDTD modelling. The two free parameters that are used for fitting the modelled LILO
curve to experimental data are the cavity photon lifetime 7, (which is related to threshold gain gy, and Q factor: % =§ = Vel'gn) and g
factor. Typically the fitting is done with normalised intensity as the total emission or power output from nanowires lasers is hard to
characterise from experiments. Also, the experimental data and modelled LILO curves are plotted on a log-log scale to correctly fit the
”S” shape; the parameter 7, mostly translates the modelled curve on the horizontal axis whereas § mostly affects the shape of the "kink’
on the vertical axis.

5.1.1. Threshold estimate

The threshold carrier density Ny, or the threshold gain gy, = g(INy,) estimate obtained from RE fits can be affected by the accuracy of
other parameters used, in particular the gain model and pumping efficiency 5. The pumping efficiency or fraction of pump power
absorbed by the nanowire is highly dependent on nanowire diameter, composition, orientation and pump polarisation [196]. Reliable
estimates for 5 can be found from 3D FDTD simulations, taking into account the geometry of the nanowire and complex refractive index
of the material at the pump wavelength.

An alternative method to estimate the threshold carrier density is from the threshold gain estimate from cavity calculations [10]
(using Equation (9) and reflectivity and absorption loss estimates from FDTD simulations) and then inverting the gain model g(N). This
approach typically underestimates the g, as imperfect end-facets, tapering or other material imperfection result in a larger g, for actual
device.

Due to these difficulties, and the strong dependence on nanowire properties, there is a wide range of reported values of gy for
nanowire lasers. Passivated GaAs nanowires have values as low as 270 cm ™" [10,197], ZnO nanowires on silica substrates have been
reported with values of 400 cm ! [18] and 336 cm™! has been measured for strained Ge nanowires [198]. 2D Core/shell nanowire
heterostructures, such as GaAs/AlGaAs quantum wells, can reduce the threshold bulk gain of the laser [199] - however, reduction of the
modal g, requires high end facet reflectivities, mode confinement and good modal overlap with the gain region [130]. Optimisation of
these parameters has lead to a modal g of 66.5 cm™! for the HE3; mode in GaAs/AlGaAs nanowires on Si [199].

5.1.2. Beta factor estimate

The g factor is of great interest in laser community since a large f factor can minimise threshold [200,201]. Large  factors can be
obtained by reducing cavity dimensions or by enhancing the rate of emission into lasing mode(s) [202]. Nanowire lasers typically have
modest f factors of 0.01, which is because of the minimum nanowire dimensions required to obtain lasing [13,18].

As explained above, the j factor is estimated from RE fits. However, the estimates can be affected from the way data is collected and
analysed, since only a fraction of the nanowire laser emission is measured in experiments and the intensity is usually normalised for
fitting. For example, measuring the light emission from nanowire in end-on versus side-on configuration can give different shape LILO
curves because of the angular variation of emission from nanowire end-facets and limited collection efficiency of lenses [18]. The
measured spectrum from a nanowire can also vary depending on whether light is collected from nanowire ends or from in between
[203]. Lastly, the measurements should cover a wide pump power range around the threshold in order to ensure that the lasing
threshold is crossed and ”S” shape is apparent [200]. Without this the estimates from RE fitting will be inaccurate.

5.1.3. Power output and differential quantum efficiency

The total light output and the differential quantum efficiency, which is the ratio of light output vs input pump power (above
threshold), are other important figure of merits for a laser. The differential quantum efficiency can be determined from the slope of the
LILO curve above threshold, when plotted with physical units on both axes (without normalisation). The LILO curve with physical units
on both axes is also helpful for rate equation analysis, as discussed above. However, measuring the power emitted by nanowire lasers is
challenging due to their non-directional emission and typically low power output (as this is proportional to physical size and of the order
of micro watts). Also for nanowires on a substrate, majority of the light emitted may couple into the substrate instead of into free-space.
Furthermore, light emission from both ends of the nanowire and non-uniform scattering from imperfect end-facets makes characteri-
sation of total power output challenging. Some approaches are to measure the light from only one of the end-facets, as in the end-on
configuration for horizontally lying nanowires [18], or measure from above for vertically integrated nanowires. In both configura-
tions, only a fraction of total emitted light can be measured as per the collection efficiency of the measurement system. Total power
emitted can be measured with an integrating sphere, but is experimentally difficult as discussed in section 3.

Given these challenges, there are various approaches that have been attempted to improve the useful power output from nanowire
lasers. One approach is to fibre-couple the light from a nanowire laser by attaching nanowires to the surface of a microfibre [204-206],
or by integrating nanowire lasers with passive waveguides [86,207]. Another approach is to fabricate gratings to enhance refection from
one end of the nanowire and achieve one-sided light output from the low reflectivity end [164]. Gratings defined into the nanowire, or
on the substrate can also modify the directionality of emission and yield vertical emission, which can help power-output characterisation
[208,209]. Some further examples of out-coupling light from nanowire lasers are discussed in the following section 6.
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5.2. Mode characterisation

The lasing mode(s) in nanowire lasers can be characterised using the experimental methods outlined in Section 2.4. Modelling is a
necessary part of this process, for identifying potential lasing modes and validating the experimental results. Modelling requires precise
measurements of the nanowire dimensions, shape and cross-sectional profile, which can be obtained from SEM and cross-sectional TEM
images. Based on the structural information, FDTD or FEM simulations can be used to model the resonant modes in the nanowire cavity
and calculate their respective Q factors (or threshold gain). The lasing modes are identified as those with highest Q factors (or lowest
threshold gain) in the spectral region of peak material gain [192]. Numerical calculations of the supported modes also enables calcu-
lation of mode parameters, such as v, and I', which are needed for the RE analysis [13]. Detailed analysis of the polarisation of mode field
profiles from simulations can also help determine modal gain in nanowires with quantum confined heterostructures [130] or with
anisotropic gain [31].

6. Nanowire laser integration

Contemporary research in nanowire lasers remains focused on the development of high material and cavity quality structures that
can be produced on silicon for efficient coherent light emission. However, many of the promises of the nanowire laser platform require
the heterointegration of single lasers onto a non-native substrate, such as for use as integrated light sources for photonic circuitry [25,
39] or for use within the biological domain [24].

6.1. Pick-and-place

The concept of picking and placing nanostructures did not begin with nanowire lasers; indeed, manipulation for carbon nanotubes
was studied in the 1990s [210] and fully automated systems for silicon nanowires were reported as early as 2013 [211]. Nanowires can
be manipulated into position using atomic force microscopes (AFM) [212], and Sergent and colleagues demonstrated low-threshold
lasing in integrated nanowire laser-photonic crystal cavities [213,214]. While powerful for theoretical study, these approaches tend
to be low-throughput; a higher-speed method applied by Strain and Hurtado makes use of transfer printing to hetero-integrate structures

Pick-and place for lasers Pick-and place for integration

— Ly

-G

Fig. 9. Single nanowire lasers can be picked, moved and replaced. (a) A schematic of the pick and place technology for nanowire lasers [58], which
can be used to place nanowire lasers onto (b) pre-fabricated optical waveguides [86] or (c) pre-fabricated antenna [208]. (Reprinted with permission
from Nano Lett. 2017, 17, 10, 5990-5994 and Nano Lett. 2018, 18, 6, 3414-3420, Copyright 2017-2018 American Chemical Society.)
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with high resolution and speed (see Fig. 9).

In the transfer printing methods, single nanowire lasers are first located using optical microscopy. A polymeric stamp is used to pick
up and place individual lasers, by making use of differential adhesion [87,215]. This method allows for placement of single nanowires
onto optical waveguides [86] or antenna structure [208], and has been used to manufacture complex multi-nanowire devices [12].

Optical characterisation of transferred structures is critical to identify any changes in threshold or lasing wavelength arising from the
transfer process; Jevtics reported that transferring can impact lasing, but that a subset of transferred wires can be produced with
negligible variation in figures of merit [58].

6.2. Array/coupled-cavities

Nanowire arrays and coupled cavities offer many advantages for cavity design over single nanowires, particularly for high-density
vertical integration on silicon. Nanowire arrays can be engineered to support high-Q photonic resonances [216], which are not limited
by the low reflectivities at nanowire/substrate interface as for single vertically standing nanowire lasers. Room temperature lasing in
ordered nanowire arrays, both in 1D and 2D arrangements, have been successfully obtained [43,217,218], with devices monolithically
integrated on high index substrates [219] and coupled to waveguides [28,44]. Electrical contacts have also been much easier to fabricate
on nanowire arrays compared with single nanowires, with a number of successful electrically driven lasing demonstrations [47,220,
221]. Random nanowire arrays with positional disorder have also advantages of being less sensitive to structural variations in the
device, and can still yield high Q modes as a result of strong scattering and interference of light in the array [47,222].

Coupled cavities of two or a few nanowires also offer advantages for mode engineering. In nanowires coupled side-by-side, the cavity
can be designed with an avoided crossing to increase Q factor of one specific mode [223], and in nanowires coupled end-to-end, the
cavity can selectively improve feedback for single longitudinal mode [163]. Nanowire arrays and coupled cavities offer additional
design flexibility for engineering optical modes and for realising integrated nanowire lasers with small footprint and improved
functionality.

7. Outlook

At the start of a third decade of research since the first reports of lasing in semiconductor nanowires, interest is primarily focusing on
applications, integration, and novel materials. While the range of materials available has grown dramatically, the primary methods to
study and characterise nanowire lasers has not changed. In this review, we have discussed the use of simulation, steady state and time-
resolved spectroscopy, and emission imaging to determine key parameters. These parameters, spanning material quality and hetero-
structuring, cavity reflectivity and losses and in-situ operando testing lie at the core of our ability to compare approaches and identify
avenues of research. Given the breadth of interest in the field, it is increasingly important that measurements are comparable, and take
into account differences in measurement conditions as well as unavoidable interwire inhomogeneity. While some efforts have begun to
characterise and learn from wire-to-wire disorder, it is likely that future research will need to embed reproducibility at its core [59].

We note that the characterisation techniques described here are often not unique to nanowire lasers; indeed, emerging research on
semiconductor rings [224], discs [225] and membranes [226] show that a range of free-standing or hetero-integrated micron-scale
objects are studied. In all of these cases, optical characterisation is likely to play a key role in their development, and the methods
described here are widely applicable.
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