RESEARCH ARTICLE

www.lpr-journal.org

Quantum Fluctuations and Lineshape Anomaly in a High-f
Silver-Coated InP-Based Metallic Nanolaser

Aris Koulas-Simos, Joel Buchgeister, Monty L. Drechsler, Taiping Zhang, Kaisa Laiho,
Georgios Sinatkas, Jialu Xu, Frederik Lohof, Qiang Kan, Ruikang K. Zhang, Frank Jahnke,
Christopher Gies, Weng W. Chow, Cun-Zheng Ning,* and Stephan Reitzenstein*

Metallic nanocavity lasers provide important technological advancement
toward even smaller integrable light sources. They give access to widely
unexplored lasing physics in which the distinction between different
operational regimes, like those of thermal or coherent light emission,
becomes increasingly challenging upon approaching a device with a
near-perfect spontaneous-emission coupling factor B. In fact,
quantume-optical studies have to be employed to reveal a transition to
coherent emission in the intensity fluctuation behavior of nanolasers when
the input-output characteristic appears thresholdless for § = 1 nanolasers.
Here, a new indicator for lasing operation in high-g lasers is identified by
showing that stimulated emission can give rise to a lineshape anomaly
manifested as a transition from a Lorentzian to a Gaussian component in the
emission linewidth that dominates the spectrum above the lasing threshold.

1. Introduction

The demand for energy-efficient, miniaturized, and inte-
grable light-emitting devices is a strong driving force in
optoelectronics/'?l and quantum nanophotonics.l?) Advanced
low-threshold semiconductor lasers have resulted in significant

technological ~ achievements towards
more compact devices with enhanced
lasing performance.*® At the same
time, the exploration of the quantum
limit of lasing has brought up fun-
damental questions about the lasing
threshold and its identification in micro-
and nanolasers.® 8] In such lasers, the
efficient coupling of the spontaneous
emission of the gain material into the
lasing cavity mode, expressed by a spon-
taneous emission coupling factor g
close to the ideal value of 1, leads to a
kink-free behavior in the input—output
characteristics. Quantum fluctuations
arising from the spontaneous emission
are a fingerprint of devices operating
in this regime, and both the linewidth
and the photon statistics are dominated by the fluctuation effects
that trace back to the spontaneous emission itself. While fluctua-
tion of the emission in terms of the second-order photon autocor-
relation function is often taken into consideration for identifying
the onset of lasing in high-# nanolasers,['°! here we introduce a
new indicator that can be simply extracted from an analysis of the
emission lineshape alone.
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Figure 1. a) SEM image of an exemplary cylindrical MQW nanolaser device with a designed fabrication diameter of 700 nm, a scale of 500 nm width is
provided in white. b,c) Schematic representation of the MQW composition highlighting the fabrication process: a 100 nm layer of Ing 73 Gag 5, Asg 49
Po.s is followed by 6 MQWs consisting of 6 layers of 6 nm Ing g4 Gag 15 Asggg Po .34 gain material and 10 nm Ing ;3 Gag 7 Asg sz Pg 47 barrier material,
topped with another 100 nm of Ing ;3 Gag 5, Asg g P51 as well as 20 nm InP as a capping layer. The entire device is then encapsulated in a 10 nm Al,
Oj5 layer for optical loss insulation and a 100 nm layer of Ag to realize the cavity. In a final step, the device is glued on a Si wafer from the Ag side, flipped

180° and has the InP base layer removed to achieve operability.

From cavity quantum electrodynamics (cQED), the emission
spectrum of a laser is generally understood to have a Lorentzian
shape that narrows with increasing intracavity photon number,
according to the Shawlow—Townes formula,?°! or the modified
one for lasers above threshold.?'* For a strongly inhomoge-
neous gain medium, Gaussian inhomogeneous broadening is
well known to give rise to a Gaussian emission lineshape in the
low-excitation regime.[?’] With increasing excitation strength the
cavity acts like a spectral filter and promotes stimulated emis-
sion, singling out resonant transitions from the gain medium,
leading to a Lorentzian lineshape. Here, we observe the opposite
behavior, which is a transition from a Lorentzian to a Gaussian
lineshape at the lasing threshold. In the past, Gaussian spectral
components in the lasing regime have been shown to result from
1/f noise like carrier density fluctuations.[2*?’] In this paper, we
provide a different description of the quasi (Fox-Li) eigenmodes
of a cavity with outcoupling to show that the lineshape transition
occurs at the threshold due to intrinsic factors arising from non-
linearities in the active medium.

The combined experimental and theoretical study presented
here is centered around an InP-based silver-coated nanolaser
emitting at telecom wavelength in the low temperature environ-
ment of 10 K. In contrast to dielectric cavity structures, plasmonic
and metal-clad nanolasers are capable of deep sub-wavelength
physical volumes and cavity mode volumes below the fundamen-
tal size limit of the cubic half-wavelength.[?®-32] Since their first
demonstration, metal-cavity nanolasers have gained significant
momentum over their dielectric counterparts by breaking the
aforementioned fundamental size limit and leading to the first
observation of lasing without a kink in the input-output curve.*]

2. Experimental Details

Figure 1 shows a scanning electron microscope (SEM) image of
an exemplary nanolaser device with a diameter of 700 nm as
well as a schematic representation of the multiple quantum well
(MQW) nanolaser design. The gain material consists of six In-
GaAsP quantum wells grown on an InP substrate with the metal-
lic cavity being realized via a 100 nm thick silver capping, while
the 10 nm dielectric layer of Al, O, shields the structure from op-
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tical losses in silver through dissipation and surface carrier re-
combination.

The experimental configuration used for the optical and quan-
tum optical study of the metallic nanolaser (MNL) is shown
in Figure 2. The investigation relies on high-resolution micro-
photoluminescence (uPL) spectroscopy with a spectral resolu-
tion of 0.05 nm in conjunction with photon-autocorrelation
measurements using a fiber-based Hanbury Brown and Twiss
(HBT) configuration(**] with a temporal resolution of 80 ps under
continuous-wave (CW) operation at 785 nm. All measurements
presented in this study have been performed on a selected MQW
nanolaser with a diameter of 700 nm. More details can be found
in Experimental Section or in ref. [34].

3. Quantum-Optical Characterization

Excitation power dependent 4 PL measurements were conducted
at 10 K to explore emission properties in terms of a nonlinear
input-output power dependence of the emission intensity and
linewidth narrowing above threshold. Figure 3a shows a set of
the recorded emission spectra at excitation power densities rang-
ing from 23 to 258kWcem™. A broad emission feature with a
full width at half maximum (FWHM) of about 2.5 nm is ob-
served for low input powers, suggesting thermal emission in the
spontaneous-emission regime. With increasing excitation power,
a sharp emission line arises at a cavity mode energy, indicating
a transition to coherent emission. At high excitation powers we
observe a temperature-induced redshift of emission.

A microscopic semiconductor laser model is used to capture
the excitation and emission dynamics of the MQW gain material
embedded in the nanocavity. Details of the theoretical modeling
process are given in the accompanying Supporting Information.
Our description uses the quantized light field and, therefore, nat-
urally contains quantum fluctuations giving rise to spontaneous
emission. Two-time calculations for the real time ¢ and the delay
time 7 are used to obtain g (t, t + 7), from which the coherence
time 7y, is calculated. Furthermore, the model gives access to
the second-order photon-autocorrelation function gi?(0), allow-
ing us to unambiguously distinguish lasing operation from ther-
mal emission for our device.

© 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 2. Schematic view of the experimental setup consisting of a high-resolution yPL setup in conjunction with a fiber-based HBT configuration for

optical and quantum optical measurements.

The theory is evaluated for a single set of parameters which can
reproduce the experimental results, both shown in Figure 4. The
input—output characteristics are presented in Figure 4a, revealing
a smooth s-shaped transition with shallow threshold typical for a
high-p laser. The deviation of experimental and theoretical data
at small pump rates is likely due to 0D-defects in the active region
of the device that contribute photons at the lasing wavelength;!1°!
since this effect is subject to saturation, it becomes negligible
once stimulated emission commences. Figure 4b depicts the co-
herence time 7, with good agreement between theory and ex-
periment. The prominent increase from 0.5 to 9 ps is indicative
for the transition from spontaneous to stimulated emission, be-
low and above threshold, respectively. The experimental coher-
ence time data are extracted from the recorded spectra using a
Voigt profile. In contrast to the previously used Pseudo-Voigt
lineshape,®¥l this allows us to establish a clear distinction be-
tween Lorentzian (y;) and Gaussian (y;) FWHM contributions
to the overall lineshape shown in Figure 4c, the importance of
which for identifying the onset of coherent emission will be dis-
cussed in greater detail in Section 4. From the Voigt fit we obtain
the coherence time via the Equation (1)

T = Zlnzzz(%)erfc< 21n2ﬁ> (1)
T

coh
G Yo

In the last decade, an increasing number of publications have
established the importance of quantum optical studies on the
emission statistics to unambiguously prove lasing operation of
high-f emitters.[111215-17.1934-43] [y fact, devices working in the
regime of amplified spontaneous emission can exhibit linear
input—output characteristics without a pronounced kink and sig-
nificant linewidth narrowing/coherence time increase, which
could incorrectly be interpreted as a signature of lasing in a high-
p device.["®] These devices, however, do not enter the coherent
emission regime of a laser, which is only evidenced by accessing
the statistical properties of the emission in quantum optical mea-
surements.

To validate lasing in our device, we first performed an anal-
ysis in terms of the autocorrelation function g@(r), which is
shown in Figure 3b,c for pump rates below and above the laser
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threshold. The transition from thermal to coherent emission is
expected to manifest itself in the zero-time-delay value as a re-
duction of pronounced bunching with a normalized peak height
of g (0) = 2 to the Poisson level of g (0) = 1. In order to directly
compare experimental and numerical results for g?(0), an addi-
tional step is required. Due to the short coherence times of few ps,
the raw data is strongly convolved with the temporal resolution
(80 ps) of the HBT detection setup, resulting in the data points
shown in Figure 4d, which do not show the expected transition
from 2 to 1. The bunching effect is significantly suppressed—
an experimental issue which has already been reported in pre-
vious works.[11:3435 44451 [ the low-excitation regime, the coher-
ence time is too short for resolving the thermal component of
g (). As the excitation power increases upon reaching the las-
ing threshold, the coherence time of the device increases, and
partially coherent light (containing contributions of thermal and
coherent light) appears, leading to a maximum of observed pho-
ton bunching with values of g (0) = 1.0322 + 0.0045. A further
increase of the excitation power results in gi?(0) = 1 as expected
for coherent light. We apply an approach based on the Siegert
relation®*] to extract the deconvoluted g (0), shown in Figure 4e,
which reaches values of 1.99 + 0.23 at low powers and transi-
tions to values lower than 1.10 + 0.09 with increasing power, in
good agreement with the numerical results that natively give the
deconvoluted g (0). We note that a slight shift of the observed
characteristics to lower pump rates is evidenced for the experi-
mental photon-autocorrelation measurements. This observation
is attributed to a slight (sub ym) misalignment between the laser
spot and the nanolaser leading to a lower effective pump power
density. As a result, the power-dependent curves in Figure 4a—
extracted from the optical studies are artificially shifted to higher
powers, which is evident in the comparison of the average coher-
ence time extracted from the spectra prior and after every g®-
measurement (shown in Figure 4e), and the one extracted from
the optical measurements in Figure 4b.

We have also reversed the above-described procedure and per-
formed a convolution of the calculated g®(0), which is added to
Figure 4d in good agreement with the measurement. In conclu-
sion, altogether the results of the quantum-optical investigations
give clear evidence that our device indeed operates in the las-
ing regime.

© 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. a) Recorded pPL spectra of the MQW nanolaser device at 10 K
for various excitation power densities between 23 and 258kWcm~2. From
lowest to highest excitation power-density, the spectra are multiplied with
a factor of 400, 30, 2, and 1 respectively for a unified depiction. b,c) Mea-
sured autocorrelation traces for g@ (z) for a pump rate near and well above
the laser threshold, respectively.

4. Anomalous Threshold Behavior of the Laser
Lineshape

The observation and explanation of the transition to a dominat-
ing Gaussian lineshape component at the laser threshold is a
key finding of this work. In previous publications, the lineshape
of the spectrum was investigated using a Pseudo-Voigt profile,
which allowed a simple analysis of the Lorentzian and Gaussian
contribution by means of a single shape factor.**! In order to
distinguish between the individual contributions, however, a full
Voigt profile is better suited to analyze the spectra, since it of-
fers the possibility to obtain separately the Lorentzian and the
Gaussian linewidth contributions. Moreover, it provides access
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to the shape factor y of the Voigt line profile approximately via
u=7v./(r.+vg), which is the weighted ratio of the Lorentzian
(# = 1) and Gaussian (u = 0) linewidths. In Figure 4c the FWHM
of both components are shown together with the shape factor
u. At low excitation powers, the Lorentzian lineshape completely
dominates the emission spectra and decreases about eightfold
with increasing excitation power. The strong domination over
the Gaussian component results in relatively big errors of the
experimentally extracted Gaussian width through the Voigt fit.
The clear Lorentzian lineshape below threshold can be attributed
to the spontaneous emission and amplified spontaneous emis-
sion of the MQW gain material coupled into the resonator and
is well described by considering cQED effects (red line). At the
pump rate of P~ 5 x 107 ps~1, the Gaussian component becomes
comparable with the Lorentzian one. For it, we find a linewidth
that approximately remains constant even at higher excitation
powers, while the Lorentzian contribution further decreases but
stays above the resolution limit (0.03 meV) of the setup, lead-
ing to an overall Gaussian lineshape above threshold. This line-
shape anomaly is clearly observed in the power-dependent behav-
ior of the shape factor that drops from values near 1 close to the
threshold pumping rate P~ 3 x 10™* ps! to 0.3, reflecting in a
straightforward manner the dominance of the Gaussian compo-
nent. While a similar behavior has previously been reported,34
no explanation could be given for this deviation from the expected
Lorentzian lineshape so far. At the beginning of this transition,
the linewidth seems to have reached the lowest limit of about 0.2
meV before increasing at high pump powers. This observation
could indicate a heating-induced inhomogeneous broadening.l>*]
Another possible explanation could be the slightly different light-
matter interaction-strengths of the individual QWs and the las-
ing mode due to the position-dependent overlap of the electronic
wave functions and the lasing mode. In Supporting Information
we provide results from additional numerical calculations, show-
ing that such effects actually cause no changes in the lineshape
behavior above threshold, but lead to a Gaussian component in
the low-excitation regime. Moreover, previous works(?®! have at-
tributed the Gaussian part to technical noise, such as charge den-
sity fluctuations, which could be associated with small mechani-
cal instabilities in the cryostat leading to fluctuations of the exci-
tation power density of the nanolasers. This would have led to the
same constant lower resolution limit for the recorded linewidth
of every investigated device in this setup. However, such extrin-
sic contributions have neither been observed in past conducted
studies**! and ours using the same setup nor the linewidths are
resolution limited (> 0.03 meV) and, therefore, they can be ruled
out. In contrast, our theoretical calculations show intrinsic effects
leading to the experimentally obtained results.

To provide an explanation for the observed lineshape change,
we employed a mathematically more rigorous description of
eigenmodes of an optical cavity with outcoupling losses. Here,
the quasi-(Fox-Li) mode typically used in laser theory!*! is rep-
resented by a set of eigenmodes to the homogeneous wave equa-
tion that extend from inside the cavity out to free space, as illus-
trated in Figure 5. As a result, a multimode laser theory is used
to account for both linear and nonlinear contributions from the
active medium. This is in contrast to the often used single-mode
cQED treatment. Here, the lineshape transition taking place at
the lasing threshold arises from the intrinsic mechanisms of

© 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. Excitation-power dependent characterization of the MNL showing a comparison of experimental and theoretical data obtained from quantum-
optical measurements and modeling, respectively. Namely: a) input-output characteristics, b) coherence time, and c) Gaussian and Lorentzian linewidth
contributions y, yg together with the calculated shape factor u =y /(y_ + r) obtained from a spectral Voigt analysis. d,e) The second-order photon-
autocorrelation function g (0): in (d) the raw experimental data is compared with the theoretical result that has been convoluted with a Gaussian setup
response function, in (e) the deconvoluted data clearly exhibits the transition to coherent light in agreement with the theoretical analysis.

Figure 5. Ontherightis anillustration of an open cavity multimode model
in comparison to the quasimode approach. The quasimode, shown in
black, is, in good approximation, a composition of a continuum of many
open cavity modes populating the combined system of resonator and free
space, here exemplarily shown in red, blue and orange. The top left plot
shows a qualitative dependence of the individual modes’ intensities as a
function of the eigenfrequencies of the “cold resonator” modes. The ar-
rows illustrate the shift of the individual emission frequencies due to the
partial mode locking. The bottom left plot highlights the effective refrac-
tive index for individual sections of the open cavity system used to model
the resonator for the composite ansatz.

gain clamping and frequency locking of the combined system
of the laser cavity and free space. For the evaluation of the the-
ory, we derive equations of motion for the intensity and phase
of the individual modes and the charge carrier density, giving a
coupled system of equations that we solve numerically. We ana-
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Figure 6. Comparison of the Lorentzian and Gaussian components ex-
tracted from the experimentally measured spectra and those calculated
from the semiclassical multimode model. The multimode model clearly
reproduces the transition to a Gaussian lineshape at the laser threshold
in very good agreement with the experiment. Above the threshold, the
FWHM is also correctly described. The linewidths stay above the resolu-
tion limit (0.03 meV) of the uPL setup.

lyze the numerically obtained spectra (shown in Figure S4, Sup-
porting Information), again using a Voigt profile and show the
Lorentzian and Gaussian linewidth contribution together with
those obtained from the measured spectra in Figure 6. Indeed,
the spectra we obtain from the multimode approach reproduce
the transition to a Gaussian component (gray curve) at the laser
threshold in excellent agreement with the experimental data. The
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partial mode locking of the combined laser cavity and free space
modes is the underlying mechanism that gives rise to the emer-
gence of Gaussian lineshape component, pulling the lasing fre-
quencies of the individual modes to the central emission fre-
quency as schematically illustrated in Figure 5. As aresult, a dom-
inant Gaussian shape emerges.[*’] It should be noted that the ap-
pearance of the Gaussian component is indirectly related to the
onset of the stimulated emission, as the mode locking increases
in strength with rising output intensity.

While the semiclassical multimode ansatz successfully ex-
plains the lineshape anomaly, it fails to describe the FWHM of the
Lorentzian component of the spectrum below the laser thresh-
old. This is a consequence of the way that spontaneous emission
is included in a semiclassical theory. As such, it reflects a differ-
ence to the quantum-optical model, which contains spontaneous
emission naturally due to the quantization of the light field. The
semiclassical model shows, in contrast to the quantum optical
model, the well known Schawlow-Townes behavior, as indicated
by the black line in Figure 6.

5. Conclusions

In summary, we provide new insight into the exciting physics
of ultra-small semiconductor lasers with high g factors. From a
combined experimental and theoretical quantum-optical study,
we have established high-g lasing operation at telecom wave-
length in a metallic nanocavity laser. Combined signatures in the
autocorrelation function and the coherence time serve as a clear
indicator for the laser transition. Furthermore, we develop a the-
oretical model to explain the observed lineshape anomaly in the
emission spectra with a transition from a Lorentzian to a Gaus-
sian shape at the laser threshold, directly reflected in the shape
factor y of the line profile. We have carefully ruled out extrinsic
effects related to noise and inhomogeneous effects. Instead, we
find that the Gaussian lineshape arises intrinsically from pulling
of partly-locked composite laser-cavity/free-space modes. This in-
sight is obtained from a complementary semiclassical theoretical
approach that sacrifices the generally used closed-cavity quasi-
mode, but employs a composite ansatz for the laser and free-
space modes. Since the effect is related to the onset of stimulated
emission, in principle, the results point to the possibility of iden-
tifying the threshold in high-p nanolasers solely from the emis-
sion spectra without the need of measuring the second-order
photon-autocorrelation function. Limitations of the semiclassical
open-cavity ansatz manifest in the description of the linewidth
behavior in the low-excitation regime, which is correctly repro-
duced by our quantum-optical theory. This serves as a strong mo-
tivation for the development of new laser models that combine
the best of both approaches, that is, the quantum-optical treat-
ment of the light field with the multi-mode description of cavity
and free-space.

6. Experimental Section

Sample Fabrication: First, an InGaAsP-wafer containing multiple (6)
quantum wells was grown on an InP-substrate via metal organic chemical
vapor deposition. Electron beam lithography and dry etching techniques
using a SiO, hard mask were employed to form cylindrical pillars of the
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now free standing gain material on the wafer. A 10 nm-thin dielectric layer
of Al, O; was then deposited on top of the pillars, followed by the capping
with 100 nm of silver to construct the metallic cavity. The deposition of
the dielectric layer was an important step in this procedure since it led to
the reduction of the significant optical losses in metals at visible and NIR
wavelengths through dissipation and surface carrier recombination. The
last steps of the fabrication included gluing the Ag-coated cavity onto a
silicon wafer, removing the InP base and flipping the wafer 180° to form
the final nanolaser design. The whole procedure was repeated to fabricate
15%15 arrays of nanolasers with diameters varying from 100 to 800 nm.

Experimental Configuration: The nanolaser sample was mounted into
a He-flow cryostat to enable low temperature operation with precise tem-
perature control. Optical excitation was applied through a diode laser emit-
ting at 785 nm and operated at CW mode. The excitation and collection
of PL emission was realized through a confocal arrangement with a mi-
croscope objective of NA 0.4 and a focal length of 10 mm. In the de-
tection path, the diode laser light was blocked through a longpass filter
allowing optical transmission at wavelengths above 1200 nm. PL of the
nanolaser was led through a half-wavelength (1/2) plate and a linear po-
larizer (lin. pol.) into a Czerny—Turner monochromator that, depending
on the choice of the grating (900 grooves mm~" at the finest grating), can
reach a spectral resolution as good as 0.05 nm in the first refractive or-
der using a cooled InGaAs 1D-array as a detector. Alternatively, the light
emission can be directed to the fiber-based HBT configuration attached to
the exit slit of the monochromator, which allowed to investigate the statis-
tical light properties by means of photon-autocorrelation measurements.
For this purpose, two superconducting nanowire single photon detectors
(SNSPDs) with a combined HBT resolution of 80 ps were employed. It
should be noted that the 900 grooves mm™" prism set in the first refrac-
tive order led to spectral filtering with an estimated window of ~22 pm
at the fiber facet. Due to the much wider emission linewidth of the inves-
tigated nanolaser on the order of 0.4 to 2.5 nm, the g(z)-measurements
would suffer in that configuration from strong intensity fluctuations lead-
ing to artificial enhanced bunching in the recorded data.l**] To overcome
this problem, the groove prism was set to zero-order, basically operating
as a mirror without spectral resolution. An additional bandpass filter with
a spectral window of 10 nm centered at 1450 nm was introduced into the
detection beam path. By tilting the filter with respect to the normal inci-
dence, the central wavelength of the filter can be shifted to the appropriate
central wavelength of the signal to ensure that only photons of a single las-
ing mode contributed to the correlations in the registered data. All mea-
surements in this study were performed on a selected nanolaser with a
diameter of 700 nm.
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