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Large Tolerance of Lasing Properties to Impurity Defects in
GaAs(Sb)-AlGaAs Core-Shell Nanowire Lasers

Tobias Schreitmiiller, Hyowon W. Jeong, Hamidreza Esmaielpour, Christopher E. Mead,
Manfred Ramsteiner, Paul Schmiedeke, Andreas Thurn, Akhil Ajay, Sonja Matich,
Markus Déblinger, Lincoln J. Lauhon, Jonathan J. Finley, and Gregor Koblmiiller*

GaAs-AlGaAs based nanowire (NW) lasers hold great potential for on-chip
photonic applications, where lasing metrics have steadily improved over the
years by optimizing resonator design and surface passivation methods. The
factor that will ultimately limit the performance will depend on material
properties, such as native- or impurity-induced point defects and their impact
on non-radiative recombination. Here, the role of impurity-induced point
defects on the lasing performance of low-threshold GaAs(Sb)-AlGaAs
NW-lasers is evaluated, particularly by exploring Si-dopants and their
associated vacancy complexes. Si-induced point defects and their
self-compensating nature are identified using correlated atom probe
tomography, resonant Raman scattering, and photoluminescence
experiments. Under pulsed optical excitation the lasing threshold is
remarkably low (<10 p) cm~2) and insensitive to impurity defects over a wide
range of Si doping densities, while excess doping ([Si]>10"® cm~—3) imposes
increased threshold at low temperature. These characteristics coincide with
increased Shockley-Read-Hall recombination, reflected by shorter carrier
lifetimes, and reduced internal quantum efficiencies (IQE) . Remarkably,
despite the lower IQE the presence of self-compensating Si-vacancy defects
provides an improved temperature stability in lasing threshold with higher
characteristic temperature and room-temperature lasing. These findings
highlight an overall large tolerance of lasing metrics to impurity defects in
GaAs-AlGaAs based NW-lasers.

1. Introduction

The quest for ultracompact, on-chip co-
herent light sources increasingly aims at
new high-performance materials and down-
scaled device geometries to enable high-
density integration of chip-based, high-
speed optical communication systemsl!?]
for datacom, and applications in sensing,[’!
computing,! and quantum information
technology.>%! In this context, among the
wide spectrum of nanolasers with differ-
ent cavity structures, I”! single semiconduc-
tor nanowire (NW) lasers have garnered in-
creasing attention thanks to their unique
1D geometry, sub-wavelength dimensions
and useful optical mode confinement prop-
erties. With their mirror-like end-facets,
NWs naturally form ultracompact Fabry-
Perot type nanolasers, incorporating both
an efficient optical waveguide and active
gain medium at the same time.®] They
also offer large tolerance to lattice mis-
match in bandgap engineering,['®!!l and
pathways for direct site-selective mono-
lithic integration on silicon (Si) photonic
waveguides and circuits.'?°] This makes
them highly versatile and scalable on-chip
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sources with only small power consumption due to their
sub-um? footprint.[1]

For the most technologically relevant Si-photonic platform
NW-lasers operating in the near-infrared (IR) spectral range
(~820-1550 nm) have received the most attention in research
so far. Optically pumped NW-lasers realized using a diverse
array of materials systems have been demonstrated over the
last decade, including GaAs/AlGaAs,['71°] InP,2% InGaAs, 12!l
InAs/InAsP[??l and GaAs/GaAsP.!?)] Thanks to their suitable
emission wavelengths, lasing characteristics were intensely stud-
ied with respect to the external photonic environment, for ex-
ample by exploring ultrafast external modulation!'*2*2] and all-
optical switching dynamics!?%! in Si photonic circuits, but also re-
garding their intrinsic properties related to material gain and res-
onator quality. Here, much emphasis has been placed on tuning
gain and lasing wavelength, for example, by embedding quan-
tum well (QW) and quantum dot/disk (QD) heterostructures as
active gain media,[11162227-30] identifying the role of surface passi-
vation on radiative efficiency,3!32] as well as dimensional param-
eters and end-facet quality on lasing metrics.[3334] More recently,
also large-scale statistical analysis of NW-lasers has become avail-
able to better discern geometrical from material parameters in
describing lasing threshold and mode spectra characteristics.?

Another important, but far less explored factor is the mate-
rial quality of the active region itself, where various types of de-
fects and impurities that form during NW-laser synthesis impose
critical influences on carrier density, trap states, and radiative ef-
ficiency. For example, extended dislocation defects emerging at
the interfaces of QW-based active regions under highly lattice-
mismatched growth have detrimental effects on optical quality!*!
and even prevent observation of lasing, as seen in for example,
coaxial InGaAs-AlGaAs/GaAs MQW-based NW lasers.!?®] Like-
wise, the radiative efficiency of III-V NW-lasers can be heav-
ily impacted by intentional doping. In this context, first exam-
ples have shown that excess p-type (i.e., zinc) doping modifies
the surface recombination dynamics in unpassivated GaAs NW-
lasers, enabling lasing operation even without the need of surface
passivation.[3337]

Besides surface effects, doping is expected to play a key role for
future electrically injected laser diodes, that only exist for deep-
ultraviolet (DUV) NW-lasers so far,[%8! but still need to be devel-
oped for near-IR to telecom band NW-lasers. Depending on the
design of the active region, the materials system, and envisioned
performance metrics, device active regions are often intentionally
or unintentionally doped, as is also the case for many traditional
II1-V planar heterostructure laser diodes. For example, inten-
tional n-type doping (Si or Te doping) has been used in coupled
QWs of AllnGaAs/GaAs double-QW-lasers,[**) GaInP-AlGaInP
MQW-based laser diodes,*! or single-QW GaAs/AlGaAs sepa-
rate confinement heterostructure (SCH) lasers,[*!} to favorably
manipulate threshold current density. Other examples exploit
p-type doping of active regions in InGaAs/InP QW-lasers or
InAs/GaAs QD-lasers to increase material gain.[*>*) In cases of
unintentionally doped active regions, dopant diffusion from adja-
cent carrier injection regions, causing displacement of p-n junc-
tions, has long been known a substantial problem in the process-
ing of AlGaAs/GaAs laser diode structures.l**] Dopant diffusion
is also an issue in III-V NWs (for example GaAs NWs), as has
been observed for a variety of dopant elements.[*>"*] The pres-
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ence of point defects, either intrinsic or mediated by excess dop-
ing, can further aggravate dopant redistribution, and even lead
to diffusion-induced layer disordering, seen in for example Si-
doped AlGaAs/GaAs MQW structures.[*¥] Furthermore, point de-
fects, such as vacancies, were found in large quantities in GaAs-
based NWs, even without doping.[*! Such defects will become
prominent centers for non-radiative recombination processes in
future electrically pumped NW-laser diodes, particularly in op-
timized NW structures that are free from extended defects and
have passivated surfaces.

Against this background, there is clear motivation to under-
stand the role of dopants and associated point defects on the las-
ing performance of I1I-V NW-lasers. We investigate here such a
scenario for the simple case of intentionally Si-doped GaAs(Sb)-
AlGaAs core-shell NW-lasers, under the common situation of
passivated surfaces. This facilitates the exploration of the intrin-
sic influence of impurity-induced vacancy-defects on the bulk ra-
diative versus non-radiative carrier recombination dynamics of
buried active gain media. Thereby, our work addresses different
aspects than those previously studied in other doped GaAs NW-
lasers.[3337) In particular, we reveal how compensating deep-level
point defects induced by n-type dopants impact key lasing met-
rics, such as lasing threshold, and demonstrate how they advan-
tageously affect the temperature stability through modified non-
radiative Auger recombination processes. These studies, which
are further enabled by a new surfactant-mediated non-catalytic
growth scheme, provide, thus, important insights into techno-
logically relevant regimes of lasing operation at elevated temper-
atures.

Employing Si dopants as intentional impurities for our study
of GaAs-based NW-lasers, is motivated by several other key
factors, beyond those discussed above: Si dopants exhibit a
high incorporation ratio for realizing n-type GaAs (especially
in planar thin films), and furthermore, offer a great wealth
of well-studied point defect complexes created under excess
doping.[%%2] Since Si is an amphoteric impurity, it can, however,
also induce p-type doping under specific growth conditions. This
is observed particularly for Si-doped GaAs NWs grown by tra-
ditional vapor-liquid-solid (VLS) growth processes.>>=>°! In con-
trast, majority n-type conduction with high free carrier densi-
ties (108-10" cm™3) is realized under vapor-solid (VS) selective
area growth (SAG), demonstrated by metal-organic vapor phase
epitaxy (MOVPE)P**>7] or molecular beam epitaxy (MBE).®! Si
dopants were recently also found to minimize size distribution
and enhance array uniformity in VS-SAG of GaAs NWs.[>]

However, both Si-doped and undoped GaAs NWs grown by
VS-SAG type processes exhibit limited length, % which chal-
lenges the development of low-threshold NW-lasers. In our study,
we therefore utilize recently observed antimony (Sb) surfactant-
mediated growth enhancement effects!®*6?] that are key to de-
velop high-quality GaAs-based NW-lasers with extended cavity
lengths.

2. Results and Discussion

All NW-laser structures investigated in this work were grown
using MBE-based SAG on SiO,-templated n-type Si (111) sub-
strates. The approaches adopted result in high NW unifor-
mity and also result in similar n-type conduction and Si-dopant
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Figure1. a) 45°tilted-view SEM image of an AlGaAs/GaAs-passivated GaAs (Sb) NW array under a Si-dopant flux of 13A; b) Corresponding cross sectional
STEM-HAADF image and schematic illustration of a single NW, obtained from the same NW array; c) Average length (blue) and diameter (orange) of
the investigated NW-lasers in dependence of the Si-dopant flux (0-13 A). Error bars represent the standard deviation obtained from a statistical analysis
of 20 NW-lasers, measured for each sample in a dispersed geometry on sapphire substrate.

induced point defect structurel®®! as in planar layers. The NWs
were grown for a fixed growth time (150 min) under high V/III ra-
tio to create several-um long and few-hundred-nm thick Si-doped
GaAs(Sb) cores as the nanolaser active region, that were further
overgrown by a 25 nm thin Al ,;Ga, ¢;As (Si-doped) passivation
layer and a 7 nm thin GaAs cap. Details about growth conditions
and substrate preparation can be found in the Experimental Sec-
tion. The role of antimony added during the growth was to ex-
ploit its surfactant action under low Sb supply.l°*®!! This enables
NW-lengths in excess of 5 ym (needed to reduce the impact of
mirror losses), while maintaining optimized aspect ratio for good
mode confinement.'”8! Otherwise, Sb-free GaAs NWs as grown
by MBE suffer from limited length due to early growth termi-
nation, especially for the undoped case.’®-¢!l The Sb-content in
these NWs is very low (~1-2%)[%l such as to imitate the Si-dopant
incorporation behavior of Sb-free n-type GaAs NWs.>8! Moreover,
under such small Sb quantities the NWs exhibit a phase-pure
zincblende (ZB) structure with only twin domains present.[%0-61]
Si doping was controlled by varying the current applied to the em-
ployed thermal sublimation source. Here, a current of, for exam-
ple, 13 A corresponds to a Si-flux of ~1.6 x 102 cm~2 s~162] and
the Si dopant flux has an exponential dependence on the heating
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current. For reference, a change in heating current from 9to 11 A,
and to 13 A results in an increase in the Si dopant concentration
from 5 x 10”7 cm™ to 2 X 10'"® cm~3, and to 1.4 X 10" cm~ in
planar Si-doped GaAs thin films (growth rate of ~#1 um hr!).[62]
Similar values are also obtained for our investigated GaAs(Sb):Si
NWs, as discussed below.

We continue by presenting morphological details of the Si-
doped GaAs(Sb) NWs grown with Si-fluxes varied from 9 to
13 A. Figure 1a shows a representative scanning electron mi-
croscopy (SEM) image of the obtained AlGaAs/GaAs-passivated
GaAs(Sb):Si NW arrays, for a Si-flux of 13 A. A cross sectional
STEM-HAADF (scanning transmission electron microscopy —
high angle annular dark field) image recorded from a single NW
from the same sample, prepared by focused ion beam milling,
is also presented in Figure 1b. The image illustrates the expected
core-shell configuration, i.e., #250 nm wide GaAs(Sb):Si core and
~30 nm thick AlGaAs / 7 nm thick GaAs passivation. Further
SEM images of other NW arrays grown under different Si-fluxes
(9 and 11 A), as well as an undoped reference can be found in the
Supporting Information, Figure S1. We find that with increasing
Si-flux the NW yield and array uniformity increases, giving a yield
of >90% with lowest variation in NW length and diameter for
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Figure 2. a) 2D contour plot showing the spatial variation of the Al concentration in a highly doped (13 A) NW at a radial cross section recorded near the
top of a NW. The red circle delineates the region of interest in the center of the NW from which the axial plot of the Si concentration in b) was extracted;
c) Raman spectra of Si local vibrational modes (LVM) in GaAs(Sb):Si NW arrays grown under different Si-fluxes (9-13 A). An undoped GaAs(Sb) NW
sample is also included for reference. Peaks of LVMs at 383, 394 and 399 cm~' correspond to Si dopants on Ga-site, Sic,-Sias pair clusters and Si

dopants on As-site, respectively.

highest doping (Si = 13 A). Any observed NW size variation can
be related to the underlying twin-induced growth mechanism,
which is a stochastic process, consistent with recent observations
in SAG-type GaAs NWs.[5263]

Regardless of Si-dopant flux the NWs are terminated by a
top facet structure that consists of combinations of {111} and
inclined {110} facets, which are typical for the underlying VS
growth mode.l’>6364] Likewise, the crystal structure remains un-
altered by Si doping and is characterized by a ZB-phase with a
large density of twin defects for both undoped and Si-doped NWs
(see Figure S2, Supporting Information). To further emphasize
the influence of Si doping on the NW growth, the average lengths
and total diameters of the investigated NW-lasers are presented
in Figure 1lc. Here, the analysis was performed on NW-lasers re-
moved from the growth substrate in a lying geometry to later
correlate the dimensional parameters with lasing properties of
individual NW-lasers probed by PL (see discussion of Figure 3).
As obvious, undoped NWs exhibit the shortest average length of
4.8 + 0.5 um, which increases with Si-doping to 6.8 + 1.5 ym
(13 A). The total diameter of the NWs (incl. passivation) increases
as well, from 361 + 45 nm to 421 + 64 nm. Together, the evolu-
tion in length and diameter yields a continuous increase in as-
pect ratio with dopant flux from ~13 (undoped NW-laser) to ~16
(highly Si-doped NW-laser, 13 A), reflecting the typical trend for
the underlying growth technique under Si-doping.>*!

To quantitatively explore the incorporation of Si dopants into
the NWs, local electrode atom probe tomography (APT) was per-
formed on highly doped (13 A) samples to provide an upper
bound for the Si doping density. Since APT requires a relatively
thin specimen, reference NWs were used that were grown un-
der similar conditions but with shorter growth time (75 min) to
limit the total diameter of the NWs to less than 130 nm. Details
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about the sample preparation methods, as well as the APT exper-
iments are reported in the Methods section. Figure 2a shows a
2D contour plot of a radial cross section recorded in the upper
region of a NW, illustrating the spatially resolved Al content. The
contour plot was extracted from a fully 3D data set, with a typical
3D reconstructed image of a NW shown in the Supporting Infor-
mation (Figure S3). Despite the limited field of view, this allows
for an identification of the hexagonal NW core in the blue region
and the first parts of the AlGaAs passivation layer in the darker
regions towards the edges. To measure the concentration of in-
corporated Si atoms in the core, an axial scan was performed in
the region marked by the red circle. The Si concentration is pre-
sented in Figure 2b for a depth of 100 nm. The concentration
shows slight variations along the NW axis and varies between
~1x 10" cm™ and ~#1.5 X 10" cm™3; the variations are similar to
the experimental uncertainty, and the average value is well above
the detection limit of 0.2 x 10! cm™= (marked by the dashed
line in the figure). In addition, analysis of the radial distribution
function (RDF) was performed to characterize cluster formation
of Si dopants within the same region (see Figure S4, Support-
ing Information). Hereby, an RDF value (pairing probability) of 1
reflects a homogeneous Si spatial distribution, while higher val-
ues imply the emergence of Si-Si pair complexes. The analysis
clearly reveals RDF > 1, and, thus, the presence of Si-Si pairing
interaction (similar to Be pairing observed in recent work about
Be-doped GaAs NWs!®)). To further correlate Si-doping flux with
doping density, as well as lattice site occupation and associated
pairing complexes, we performed resonant Raman scattering on
as-grown NW arrays similar to those shown in Figure la. Due
to the limited probing depth of 10 nm, no AlGaAs/GaAs pas-
sivation layers were grown around these NWs. The experiments
were conducted at a temperature of 10 K in a continuous-flow
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Figure 3. a) Semi-logarithmic pPL spectra of a single undoped GaAs(Sb) NW-laser at 10 K for different pump fluences. The first lasing peak appears at
1.505 eV at a threshold pump fluence of 3 + 1 cm™2. The inset shows a CCD image of the NW pumped above threshold showing typical interference
fringes in the emission from the end facets; b) Comparative spectra of a single highly Si-doped (13 A) GaAs(Sb) NW-laser probed under the same
conditions. The NW exhibits lasing at lower energy (first lasing peak at ~1.46 eV) with a higher lasing threshold of 15 + 3 1 cm™2 compared to the
undoped NW; c) Statistical distribution of average lasing thresholds as a function of Si-doping at 10 K, obtained for ~20 NW-lasers per sample.

He- cryostat in backscattering geometry using a SureLock LM se-
ries diode laser at a wavelength of 405 nm in resonance with the
E, gap of GaAs.I°%7] The recorded Raman spectra are shown in
Figure 2c for NW arrays grown under different Si doping currents
of 9, 11, and 13 A, together with an undoped reference for com-
parison. The dashed lines indicate the frequencies of Si-related
local vibrational modes (LVMs), which directly refer to the incor-
poration sites of Si dopant atoms on Ga-sites (donors, 383 cm™),
on As-sites (acceptors, 399 cm™!), and as Si,-Si,, pair complexes
(394 cm™1).1681

As expected, Si related LVMs are absent in the undoped sam-
ple, whereas a weak Si.,-LVM peak at 385 cm™! can be identi-
fied for the lightly doped (9 A) sample. The detection limit for Si-
LVMs is ~10'® cm=3,[® providing a lower bound for the n-type
doping density of these lightly doped NWs. For medium doping
of 11 A, the intensity of the Si, related LVM clearly increases,
suggesting higher n-type doping density. However, a second weak
peak at 399 cm™! is observed, indicating residual incorporation
of Si atoms on undesired group-V (As/Sb) lattice sites as accep-
tors. This mode was also observed for Sb-free GaAs:Si NWsl8!
confirming the amphoteric nature of Si dopants in GaAs at high
concentrations. For the highest doping (13 A), the LVM-peaks
associated with the occupation on Si,, sites and Sig,-Si,, pair
complexes become even more prominent. This degree of self-
compensation exceeds that observed in comparably doped Sb-
free GaAs:Si NWs,[*8 and could be related to the presence of Sb
during growth. At the highest doping level nearest-neighbor Si.,-
Si pair complexes emerge, which confirms the APT data shown
in Figure S4 (Supporting Information) and provides clear indica-
tion of overdoping.l’% Such Sic,-Si,, pair complexes are typically
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accompanied by large densities of Ga-vacancy (V,) defects,>171]

which are acceptor-like point defects in n-type GaAs and further
contribute to the autocompensation.”! Below, we provide direct
evidence for these defect complexes as they dominate the emis-
sion characteristics of highly Si-doped GaAs(Sb) NWs.

In Figure 3 we present pump-fluence dependent micro-PL
measurements recorded from single passivated GaAs(Sb) NW-
lasers for different Si-doping levels. The data were recorded at
10 K using pulsed optical excitation on NWs dispersed onto a
sapphire (Al,O,) substrate to provide a high refractive index con-
trast at the end facets.['!) Additional details are presented in the
methods section. Looking first at the undoped NW reference, at
low pump fluence the spectrum is dominated by a distinct spon-
taneous emission peak centered ~1.49 eV. The peak is slightly
redshifted compared to the usual zincblende (ZB) GaAs PL peak
energy of 1.51 eV, consistent with previous results obtained on
GaAs(Sb) NWs.[6! The peak shift is mainly due to the slightly re-
duced bandgap energy of the GaAs(Sb) NW, having an Sb-content
of ~#1-2%, but likely also the microstructure that consists of a
high density of rotational twins.(!]

Such twin domains induce type-II interfaces and are well
known to cause a slight redshift in the PL emission, regard-
less of the growth technique and mode used.?2°*73] To provide
an estimate of the intrinsic carrier density of the undoped NW,
we fit the emission spectrum at lowest pump fluence to ex-
tract an upper bound of the intrinsic n-type carrier density of
~4(+ 1) X 107 cm™3. By increasing the pump fluence above a cer-
tain threshold (>3.0 pJ cm~2), we observe a sharp peak at 1.50 eV
that arises with a significantly higher intensity than the sponta-
neous emission background. The intensity of this peak increases
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strongly with pump fluence above threshold, indicative of las-
ing emission from the single NW.I"-23] Furthermore, at higher
pump fluence >7.3 yJ cm~2 a second sharp peak at 1.56 eV ap-
pears, suggesting that more than one mode in the FP-resonator
cavity contributes to lasing. Note, the presence of longitudinal
FP modes is directly observed by the modulation of the spon-
taneous emission background, as seen also in many other NW-
lasers (cf. Figure 3b and Supporting Information). The coherent
light emission that outcouples at the end-facets of the NW-laser
above threshold was further verified by the spatial interference
pattern, as recorded with a Si charge coupled device (CCD) cam-
era (see inset of Figure 3a). The remarkably low lasing thresh-
old of only ~3 + 1 puJ cm™2 observed for this NW is among
the lowest ever reported for I11-V NW-lasers(11:13:15:19.2731.33.36] (gee
also, Figure S5, Supporting Information, for threshold analysis).
This attests to the high optical and structural quality of the Sb-
mediated GaAs(Sb) NWs grown under the VS-SAG process.[60:61]
For comparison, typical pump-fluence dependent PL spectra
of a highly Si-doped (13 A) GaAs(Sb) NW laser are shown in
Figure 3b and in Figure S6 (Supporting Information). Several
key differences with respect to the undoped case (or slightly
doped NWs, see Figure S7, Supporting Information) become ob-
vious when analyzing the spectra: First, the emission is strongly
redshifted and broadened, with a peak emission centered near
1.37 eV. The peak emission is further shifted toward lower en-
ergies (<1.35 eV) for the lowest investigated pump fluences (see
also Figure 4). By increasing pump fluence, a significant broad-
ening of the emission is observed indicative of state-filling of
the deep defect centers that dominate the spontaneous emis-
sion. Similar effects have been previously seen in Si-doped GaAs
NWs.[®) Broad defect bands between ~1.25 — 1.4 eV are directly
associated with Si-induced point defect centers in GaAs, such
as donor-acceptor complexes, for example Si-donor/Ga-vacancy
complexes (Sig,-V¢,), Si-acceptor/As-vacancy centers (Siy-Vyuo),
or Asg,-Sic, donor-donor pair complexes.[*¥315258] In particu-
lar, we tentatively suggest that the Si,-V, complex is the most
prominent defect center since its formation energy is lowest un-
der the employed As-rich growth conditions.’!) This complex
was also found to be responsible for self-compensation in heavily
Si-doped GaAs!>? and a source for strong non-radiative Shockley-
Read-Hall (SRH) recombination.[”#]

When further increasing pump fluence beyond ~14 pJ cm~2,
see Figure 3b, a sharp lasing peak at 1.46 eV appears with an
intensity that grows to exceed the spontaneous emission by two
orders of magnitude. The main peak energy is further redshifted
compared to the undoped NW laser which could be attributed to
bandgap narrowing in the highly doped sample additional to the
already mentioned influence of twin defects.l”] At even higher
pump fluences, several other peaks with varying modal spacing
arise, suggesting lasing of additional transversal and longitudi-
nal modes in the NW. Similar to the scheme for the undoped
NW-laser, the lasing threshold was determined from the first las-
ing peak emerging at lowest energy, which results in a threshold
pump fluence of 15 + 3 yuJ cm=2 (see Figure S5, Supporting In-
formation). This value is more than five-fold larger than for the
undoped NW-laser, despite the larger NW-length suggesting in-
ferior radiative efficiency. However, support for this conclusion
requires analysis from a statistically relevant dataset, since lasing
threshold depends also on variations in cavity length, end facet
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quality, and other factors.[?33334] Thus, in Figure 3c we present
comprehensive threshold statistics obtained from ~20 NW-lasers
probed per sample.

The threshold values of lightly to moderately Si-doped NW-
lasers are very low and only change by less than 40% with re-
spect to the undoped case, suggesting relatively large tolerance
of lasing behavior to Si-doping. The highest Si-doping (13 A)
exhibits, however, a much higher average lasing threshold, i.e.,
35 + 11 yJ cm™2. We note that our data encompasses an arbitrary
set of NW-lasers per sample, with no specific selection regard-
ing their lengths or diameters. Hence, any variations in length,
diameter and/or mode set are captured within the deviation in
threshold (marked by the error bars) for each of the given sam-
ples. Taking the dimensional analysis of Figure 1c into consid-
eration, we can make certain assessments though of the overall
observed trends in lasing threshold. For example, the slightly re-
duced threshold in lightly doped NW-lasers (9 A) is mostly rep-
resenting the substantially increased NW-length with respect to
the undoped case (0 A). For higher doping (11 A, 13 A) the aver-
age NW-length increases, however, only marginally with respect
to lightly doped NW-lasers, but their corresponding thresholds
are significantly increased, especially for highest doping (13 A).
To determine whether Si dopants and defect complexes are re-
sponsible for the increased threshold, we first consider other fac-
tors that could produce significant increases in the lasing thresh-
old. We can first rule out changes in end-facet quality, since the
quality of the growth facet structure does not deteriorate with
Si-doping!®*®1l (see also Figure S1, Supporting Information). We
also directly measured the lengths and diameters of the probed
NW-lasers (using SEM after optical analysis) in an attempt to
more closely observe any links to the threshold characteristics
from the data spread. However, any variations in threshold with
geometrical parameters were marginal in comparison to the dif-
ferences between un- or lightly-doped NWs and highly-doped
NWs. For example, as shown in Figure S8 (Supporting Informa-
tion), for NW-lasers doped at 9 A, the lasing threshold only varies
in the range from 2.5 to 5.5 pJ cm™? when varying NW-length
from 7.7 to 3.7 ym or NW-diameter from 300 to 450 nm. Hence,
the remarkably different lasing threshold (>5x larger threshold)
found in the presence of large Si-dopant induced defect densities
suggests non-radiative recombination