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Abstract—Neuromorphic computing has received considerable
attention as promising alternatives to classical von Neumann com-
puting architectures. An attractive concept in this field is reservoir
computing which is based on coupled non-linear elements to enable
for instance ultra-fast pattern recognition. We focus on the develop-
ment of microlasers in a dense regular array for the implementation
of photonic reservoir computing based on the diffractive coupling.
The coupling relies on injection locking of microlasers and sets
stringent requirements on the spectral homogeneity of the array,
which needs to be on the order of the achievable locking range. We
realize GaAs/AlGaAs micropillar arrays with InGaAs quantum
dots as active medium. To achieve the high spectral homogeneity
on the order of 100 peV, as determined by injection locking exper-
iments, the emission energy of each individual micropillar is ad-
justed to compensate for local inhomogeneities of order ~1.3 meV
in the underlying microcavity structure. The realized micropillar
arrays have a spectral inhomogeneity as low as 190 peV for an
8 X 8 array and down to 118 peV for a 5 X 5 sub-array. The
arrays have high potential to enable the implementation of powerful
photonic reservoir computing, which can be extended to a reservoir
of hundreds of microlasers in the future.

Index Terms—Laser arrays, diameter tuning, injection locking,
micropillars, neuromorphic computing, quantum dots.

1. INTRODUCTION

EUROMORPHIC computing dates back to the pioneering

work by C. Mead [1] and has become a highly attrac-
tive alternative to von Neuman architectures in a period when
Moore’s law comes to an end [2]. Inspired by nature it sets
out to mimic biological neural systems with high potential
to outperform classical computing in complex tasks such as
real-time learning and ultrafast image or pattern recognition via
highly parallel architectures with multiple interactions [3]-[5].
An interesting and powerful implementation of neuromorphic
computing is reservoir computing (RC) [6]-[9]. The underlying
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concept consists of a reservoir which maps input signals into a
high-dimensional space followed by a readout signal which is
formed by weighted connections of the reservoir. A particular
advantage of RC is efficient learning via linear regression and
classification.

RC can be implemented using different physical platforms,
which can be categorized into electronic and photonic archi-
tectures. While electrical implementations of RC have the ad-
vantage of small footprint and compatibility with conventional
electronics in possible hybrid concepts [10], [11], optical imple-
mentations profit from high scalability and high speed [12]. One
appealing optical implementation of RC is based on diffractively
coupled laser arrays [13], [14]. Here, the optical input signal is
fed into an array of lasers which are coupled by external optics
to form the reservoir, and the output signal is generated by a
weighted sum of the laser’s intensity. The whole system is trained
by adjusting the individual coupling strengths between the lasers
and by properly choosing the weighted sum at the output node.
Once trained, such an implementation of RC can be operated
at GHz speed and above. Here, the bandwidth is determined by
the internal dynamics of the lasers acting as non-linear elements
and the roundtrip time, on the order of nanoseconds, of the light
signals in the external optics. Importantly, the implementation
of RC via this concept relies on the efficient mutual coupling
of the lasers in the array via injection locking. This in return
sets stringent requirements on the optical properties of the laser
array, which needs to show high spectral homogeneity. Here,
deviations of the emission energy must not exceed the achievable
injection locking range typically on the order of a few tens to a
few hundreds of ueV.

Photonic RC has been implemented successfully and the
concept has proven to be indeed very flexible, powerful and easy
to train [15]. These early implementations include RC in small
scale 5 x 5 vertical cavity surface emitting laser (VCSEL) arrays
and a proof-of-principle demonstration of RC in a large-scale
photonic recurrent neural network of up to 2025 diffractively
coupled passive photonic nodes [8]. To take full advantage
of photonic RC enabled by the diffractive coupling of active
non-linear elements, it is necessary to improve the photonic
hardware to maximize the number of involved lasers in the
reservoir. This is not possible by simply extending the number of
VCSELsin a2D array because for a given size of the VCSEL and
the related pitch on the order of 100 pum for the optics used with
an effective coupling range of about 300 m x 300 pem limits the
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Fig.1. (a)Scheme of the nanophotonic implementation of reservoir computing
using a dense micropillar array, which is coupled by diffraction optics, adopted
from Ref. [13], [14]. (b—d) SEM Images of a single micropillar (b) and micropil-
lar arrays (c). In the fabrication process the pillar array is aligned with a target
distance of 5 ;zm to marker structures with positioning accuracy better than 1 pm.

achievable reservoir dimension to a 9 x 9 array. Additionally,
in conventional, commercially available VCSEL arrays, the
emission wavelength of individual lasers usually differs in a
range well beyond the available injection locking range and can
hardly be compensated by injection-current induced wavelength
tuning.

To boost the capabilities and computation power of photonic
RC based on coupled laser arrays, we proposed to use dense ho-
mogeneous arrays of microlasers as indicated in Fig. 1(a). In this
concept, the microlaser-array acts as nanophotonic hardware to
enable photonic reservoir computing. In the envisaged concept,
pillars in the array are diffractively coupled via a diffractive
element in combination with a spatial light modulator (SLM) to
adjust the individual coupling strengths. The reservoir is driven
by optical pumping and the input signal is optically injected
by two independent external lasers. Once trained via adjusting
the readout weights at the second SLM, the system delivers
the “calculated” output signal at a fast photodetector (signal
detection). For more details we refer to Refs. [13]-[15]. Micro-
and nanolasers have received enormous interest in recent years
because they allow researchers to explore the limits of these
optoelectronic devices, for instance with respect to size and
threshold pump powers [16]. Interestingly, while arrays of cou-
pled VCSELSs have already been studied [17]-[20], coupling of
nano- and microlasers is still at its infancy. In fact, such devices
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have been investigated almost exclusively as individual devices
and mutual coupling of microlasers has only been realized and
studied very recently [21].

One interesting type of microlasers is based on high-quality
quantum dot (QD) micropillar cavities, which have enabled
numerous studies and advances in the field of cavity-enhanced
lasers [22]. Such QD-micropillar lasers with diameters typically
inthe 1 pm-5 pmrange have comparatively small mode volumes
and large cavity quality (Q) factors of several tens of thousands,
which leads to high spontaneous emission coupling factors
(B-factors) of up to about 60% and low threshold pump powers
[23]. The latter is very beneficial to keep the power consumption
of photonic RC based on large scale micropillar arrays at an
acceptable level.

Compared to, e.g., laterally emitting whispering gallery mode
microlasers, QD-micropillar lasers are very advantageous for
our envisioned application in photonic RC because of the very
directional axial emission normal to the sample surface. More-
over, due to their small diameters, pitches between neighboring
devices of 10 um and below can easily be achieved enabling the
realization of dense microlaser arrays with 30 x 30 and more
lasers within the available area of about 300 m x 300 pm for
diffractive photonic enabled RC [24]. To this end, because of
their tight 3D optical mode confinement the emission energy
of micropillar lasers depends characteristically on the diameter.
This fact can be used to homogenize the emission energy of
micropillar arrays by precisely adjusting the diameter of each
individual micropillar in large scale arrays during the fabrication
process as we presented in Ref. [24].

In this work we report on the realization and in-depth optical
study of high quality QD-micropillar arrays for applications
in photonic RC. The devices are realized by epitaxial growth
using metal-organic chemical vapor deposition (MOCVD) and
subsequent nano-processing by means of high-resolution elec-
tron beam lithography (EBL) in combination with reactive-ion
etching. With respect to the optical properties of these devices
we provide focus on the lasing properties of the microlasers and
their response to external perturbations in terms of injection
locking. Beyond that we refine the diameter-tuning concept
for the fabrication of homogenous large-scale laser arrays by
including also local optical variations of the underlying wafer
material to the reach record high spectral homogeneity with a
deviation of 190 peV foran 8 x 8 micropillar array and a value of
118 peV for a5 x 5 micropillar array which compares well with
an extrapolated and measured locking range of about 200 peV
and 80 ueV respectively.

II. SAMPLE TECHNOLOGY

The sample design for the micropillar arrays is based on
a vertical laser structure grown by means of MOCVD. The
design consists of a central one-A thick GaAs cavity sandwiched
between the lower and upper distributed Bragg reflectors (DBR),
which are composed of 27 and 23 A/4-thick AlgoGaigAs/GaAs
pairs, respectively. To ensure sufficient gain for lasing operation,
the central cavity includes an active medium composed of three
layers of self-assembled Stranski-Krastanow InGaAs QDs with
adensity of about 1 x 10'° cm~2 each. Here, the main advantage
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of using QDs (instead of quantum wells) is the rather large
inhomogeneous broadening of the ensemble emission which in
our case is about 50 nm on a planar sample. This facilitates spec-
tral resonance between the cavity mode and the gain medium.
Moreover, tight carrier confinement in QD allows us to reduce
detrimental non-radiative surface recombination which could
be an issue when using quantum wells as gain medium in small
diameter micropillars.

To enable the diameter-tuning approach for the realization of
homogeneous micropillar arrays, the corresponding sample ma-
terial is pre-characterized regarding the x, y-position dependent
resonance energy Eq(X, y) of the planar cavity as described in
detail in Section IV. Processing of micropillar arrays starts with
depositing a 500 nm thick SiN-layer on the sample which acts
as a hard mask in the final etching process. Then the sample is
spin-coated by the “AZ nlof 2000 series negative-tone resist
and the pillar cross-section is defined into the resist by EBL,
after which the pillar pattern is transferred into the SiN layer
by reactive ion etching (RIE) using a SFg plasma. The resulting
circular shaped SiN etch masks feature steep edges which is
the basis for the realization of micropillar cavities with smooth
and vertical sidewalls using reactive ion etching (RIE) in an
inductively coupled plasma containing Ars, Cly, and BCls. Fig. 1
shows scanning electron microscopy (SEM) images of a single
micropillar with a diameter of 4 ym (panel (b)) and an array
of micropillar cavities with a pitch of 8.3 um (panel (c, d)).
Finally, the sample is planarized with benzocyclobutene (BCB)
to prevent oxidation of the Al containing layers of the DBRs
and for mechanical stabilization. For this purpose, the BCB is
spin-coated on the sample before curing and hardening it in an
oven under Ny-atmosphere. The top facets of the micropillars
are reopened in a RIE process using a CF4/O2 plasma, which
also removes the remaining SiN of the hardmask, leading to
a clean upper facet. Fig. 1(d) shows a zoom-in view of one
corner of the micropillar array before etching and indicates its
x-y alignment with respect to a marker structure. More details
on the design and fabrication of QD-micropillars can be found in
Ref. [25].

III. LASING CHARACTERIZATION & LOCKING RANGE

In this section we address the optical properties of single
QD-micropillars within an array to explore the general emission
properties and the lasing behavior. Additionally, we present and
discuss injection locking experiments which allow us to deter-
mine the locking range of the realized microlasers in master-
slave configuration as an important figure of merit with respect
to the spectral homogeneity of the dense micropillar arrays to
be discussed in Section V. Please note that the purpose of this
work is to optimize the optical properties of QD-microlasers
arrays for future application in photonic reservoir computing.
The implementation of the optical reservoir computing scheme
described in Section I is beyond the scope of the present work.

The optical characterization of the planar wafer material and
the dense micropillar arrays is performed by means of high-
resolution micro-photoluminescence (uPL) spectroscopy. The
sample is placed in a liquid He flow cryostat equipped with a
motorized x-y-z stage to enable efficient mapping of the planar
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Fig. 2. Excitation power dependent emission properties of a 5 pm diameter
pillar. (a) Input-output characteristics in double logarithmic scale. High- laser
action is identified by the characteristic s-shaped power dependence, which
indicates the transition from spontaneous emission to lasing occurs at about
1.2 mW when a nonlinear increase of the emission intensity sets in as a signature
of stimulated emission. A fit (red curve) to the experimental data (black bullets)
yields a B-factor of 2%. Inset: Above threshold pPL spectrum at an excitation
power of 3.4 mW. The Gaussian lineshape fit (red trace) yields an energy of
the fundamental HE11 emission mode of 1.2691 eV. (b) Corresponding power
dependent emission linewidth v and Q-factor with Q = Exyg11/7. The linewidth
decreases due to the squeezing of saturation and because of increasing temporal
coherence at high excitation powers and reaches the resolution limit of the
spectrometer at an excitation power of about 2.5 mW.

sample and the processed micropillar arrays. The measurements
are performed at 77 K, where the cooling is necessary to reduce
non-radiative losses by thermal escape of carriers from the QDs
with rather shallow carrier confinement. Individual pillars are
optically driven with above bandgap excitation using solid-state
lasers emitting at either 671 nm or 780 nm. The laser light
is focused on the sample surface using a microscope objec-
tive with a numerical aperture (NA) of 0.4 and the emitted
PL signal is collected by the same objective and detected via
grating spectrometer with an attached charge-coupled device
(CCD) camera with a spectral resolution of 30 peV. In case of
injection locking investigations, the CCD camera is replaced by
a Fabry-Pérot interferometer (FPI) with a Si avalanche photon
diode based single-photon counting module (SPCM), which has
a free spectral range of about 7.5 GHz and a spectral resolution
of 0.2 GHz.

Fig. 2 shows the excitation power dependent emission proper-
ties of a micropillar laser with a diameter of 5 m and a (absorp-
tion limited) Q-factor of about 10.000 at low excitation power.
The inset of panel (a) depicts an above-threshold pPL-spectrum
recorded at an excitation power of 3.4 mW. The fundamental
HE11 cavity mode is clearly identified and emits at an energy of
Engr11 = 1.2691 eV, which is also the only mode having enough
gain to reach the lasing threshold, so that the pillar effectively
shows single-mode emission. Noteworthy, while for the given
QD density of 10'° cm~2 a pillar of 5 ym diameter contains a
total of about 6000 QDs in the three active layers, only a small
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fraction of typically 10% of these emitters contribute efficiently
to laser action because of the partial spectral and spatial overlap
with the cavity mode [26], [27]. The excitation power dependent
integrated intensity of the HE11 mode is plotted in panel (a) in
double-logarithmic scale. Below threshold the intensity shows
linear scaling, before laser oscillation sets in in the threshold
region around 1.2 mW above which stimulated emission leads
to a nonlinear increase of the output intensity. At even higher
excitation powers linear scaling of the emission intensity is
again observed. The smooth s-shaped transition between the two
linear regions of the curve is nicely described by the theoretical
curve (red trace) according to the solution of a rate equations
model (Eq. (2) in Ref. [25]) which yields a S-factor of 2%
(with ¢ = 1.9). This value is significantly larger than 10~*—1073
observed for standard VCSELSs but smaller than 70% reported in
Ref. [23], which is explained by the significantly smaller pillar
diameter of 0.95 pm in that work and, thus, larger light-matter
interaction. We like to mention that in general, increasing the /3-
factor reduces the threshold power [29] which is beneficial with
respect to the energy efficiency of the envisioned application
in neuromorphic computing. On the other hand, it can lead to
partial injection locking [30] which can be compensated by high
injection laser powers. Thus, in the implementation of RC one
need to find a good balance between the two diametric effects
for optimum energy efficiency.

The onset of laser action is confirmed by the correspond-
ing power dependence of the emission linewidth presented in
Fig. 2(b) along with the associated Q-factor. Starting from an
absorption limited low-excitation, absorption limited value of
about 60 eV the linewidth decreases during the lasing transition
until the resolution limit of 30 ueV is reached at an excitation
power of about 2.5 mW. The Q-factor has a lower, absorption
limited, bound of about 10.000 at low excitation powers and
increases up to about 15.000 near threshold. This value is in good
agreement with the theoretical prediction of 16.000 obtained
by finite-element simulations for the used 27/23 DBR mirror
design. For a direct comparison between theory and experiment
we would need to identify the transparency pump power which
is not feasible with the experimental techniques and data at hand.

Overall, the optical data presented in Fig. 2 shows that the
fabricated cavities are performing as high- microlasers with a
clear transition to stimulated emission. As such, the microlasers
fulfill the necessary condition for acting as nanophotonic nodes
in the photonic RC implementation. Another crucial requirement
to enable this target application is a suitable high coupling effi-
ciency and locking range under optical injection. To explore this
important feature for our microlasers, we performed injection
locking experiments under variation of the locking strength.
For this purpose, the emission of an external narrowband
(< 1 MHz linewidth) tunable laser (master) was injected into
the fundamental mode of the micropillar (slave) under variation
of the master-slave detuning. The microlaser is simultaneously
pumped by a CW laser with an excitation power of 4.2 mW at
780 nm to ensure laser operation of the slave.

In the injection locking experiment, the slave laser oscillated
at a fixed frequency (its solitary frequency) and the master
laser was tuned continuously through spectral resonance with
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Fig. 3. Injection locking of a 5 um QD-micropillar laser at varying injection
strength. (a) 2D map showing the emission intensity as a function of the master-
slave detuning AE,aster and the relative FPI frequency for an injection power
ratio of Pyraster/Ppillar = 0.27. The frequency extends over three free spectral
ranges (7.5 GHz) of the FPI. Red dashed lines indicate the central locking feature.
The narrow diagonal lines correspond to emission at the master laser frequency,
while the broader vertically oriented emission features correspond to the slave
microlaser. The microlaser clearly locks to the tunable external master laser
in resonance for AEaster = £0.5 GHz and the locking range extends to
about +2 GHz when emission at the master frequency gradually disappears.
(b) Corresponding locking range (experimental and linear fit) as function of the
injection strength in terms of (Ppyqster/Ps lave)l/ 2 Inset: Relative frequency
of the microlaser (slave) as a function of the master-slave detuning extracted
from the data for a power ratio Pypaster/Prillar = 2.43.

the slave laser while detecting the joint emission using the
high-resolution FPI. Fig. 3(a) presents the result of such an ex-
periment in a 2D intensity map as a function of the master-slave
detuning AE ,,,ster and the relative FPI frequency over three free
spectral ranges of the FPI at an injection ratio of the master and
slave power of Pyraster/Ppinar = 0.27. Close to zero detuning
when both lasers are locked the narrow emission of the master
laser dominates the spectrum for a detuning range of +0.5 GHz.
Frequency locking is maintained in a transition region of about
+2 GHz when the joint narrow emission signal strongly drops
in intensity and gradually disappears.

To explore the injection strength dependence of the locking
range, injection locking experiments were performed for mul-
tiple injection power ratios in the range of 0.13 to 5.84. The
inset of Fig. 3(b) shows exemplarily the frequency locking curve
for a power ratio of 2.43, which leads to a locking range of
+5 GHz. The extracted locking ranges for all injection strengths
are presented in Fig. 3(b). As expected, we observe a linear
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increase of the measured locking range with (Pnjaster/Ppillar) 12,
which is described by the common models for injection locking
[31]-[34]. A maximum locking range of (17.8 £+ 0.6) GHz
((73 &+ 3) peV) could be determined in the experimentally
accessible injection power range.

We would like to note that this range was limited by the
available effective master laser pump power (85 puW at the
sample) and that by increasing the effective injection power
the injection range can easily be extended as indicated by the lin-
ear fit to the experimental data and its extrapolation in Fig. 3(b).
To estimate the required homogeneity, one has to divide the
available injection power into each pillar in the array. Taking
into account for example a master laser power of 500 mW and
an array of 900 micropillars, each with an emission power of
10-20 W, we estimate a required spectral homogeneity on the
order of 200 peV (~50 GHz) based on the data extrapolated in
Fig. 3(b) which the arrays have to fulfill to be usable for efficient
diffractive coupling via injection locking. The corresponding
injection power of 550 W is still significantly lower than the
threshold pump power of the micropillars shown in Fig. 2 so that
we do not expect any thermal or non-linear effects to influence
the extrapolated dependence of the available injection locking
range.

IV. DIAMETER TUNING FOR RESONANCE HOMOGENEITY

The fabrication of highly homogeneous large-scale micropil-
lar arrays is a challenging task. This is mainly explained by
the fact that the underlying planar microcavity sample material
has spectral inhomogeneities related to the radial dependence of
the resonance energy Eg. This feature is typical for epitaxially
grown samples under rotation of the wafer, which usually leads
to thinner layers of the DBRs towards the edge of the wafer.
For the sample discussed in this work, we observe a thickness
variation of about 2% (i.e., roughly 3 nm per DBR mirror pair)
from the center to the edge of the wafer, which transforms to an
overall resonance energy shift of 29 meV along the radius of the
used 2 inch wafer. Additionally, local fluctuations of the layer
thickness can occur due to non-ideal growth which also changes
Eo. As can be seen in (1) below both effects directly affect the
emission energy of the micropillar cavities.

Thus, in order to reach the high spectral homogeneity required
for injection locking of the lasers in photonic RC, one must com-
pensate for the spectral inhomogeneity of the underlying wafer
material. In the best case, this is achieved by the nanofabrication
process. In our fabrication concept, we improve the spectral
homogeneity of the processed microlaser array by using the
diameter dependence of the micropillars, which is a result of the
lateral mode confinement. To enable this scheme, we first map
the resonance energy of the planar microcavity in the specific
wafer region by uPL spectroscopy, using the setup described
in Section III. before processing micropillars with individually
adjusted diameter. Here, E( is mapped with a maximum step-size
corresponding to the pitch of the later pillar array. In this way,
each pixel of the spectral map ideally includes the local energy
Ey at the position of a micropillar. Next, we calculate for each
micropillar the required diameter d. to compensate for the
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spectral inhomogeneity and to meet the target energy Epgii
with in the dense micropillar array via [34], [35]

a,yh2c? 4x2
Eupi = \/Eg + 5 Ti’- (1)
T c

Equation (1) includes the effective dielectric constant of the
cavity material €,, and the ny, , zero of the Bessel function
Jy(x) xy, ., which has a numeric value of 2.4048 for the consid-
ered HE;; mode. It also considers process dependent changes
to the light confinement by the process dependent parameter
«,- [24]. For instance, finite-element simulations of the mode
confinement reveal that this parameter depends on the etching
depth.

In practice it is crucial to determine «v, using a reference
sample before fine adjustment of the pillar diameters in the final
micropillar array using the same process and the same etching
depth. Simulations in previous work [24] show a saturation of v,
close to 1 after etching of about 12 pairs of the bottom DBR for
the used DBR design. Moreover, it is known that it is sufficient to
etch only part of the lower DBR to achieve maximum Q-factors,
while etching the full lower DBR can even be detrimental [36].
Therefore, the fabrication process was optimized for this etching
depth. The Egyi1(d.) dependence of the reference sample is
presented in Fig. 4. Fitting the experimental data by (1) yields
a, = 0.99 £ 0.02 for the present process parameters, showing
that the saturation regime is reached. Based on the extracted
«,., one can now invert (1) to calculate the needed diameters to
match the target Egpyq; for given local E.

Fig. 4 reveals a total tuning range of about 5 meV in the in-
vestigated diameter region. However, the effective tuning range
is limited to about 1 meV in the diameter region between 3.5 ym
to 7.0 m, in which the resulting mode energy is less sensitive to
process related diameter variations [19]. Noteworthy, according
to (1) and as seen in Fig. 4, the slope of Egyy11(d.) is higher in the
small diameter limit which increases the available tuning range.
However, in this diameter regime the emission energy is also
more sensitive to diameter deviations caused by writing errors
in the EBL process. Therefore, we usually perform diameter
tuning in the large diameter range above 3.5 pum to achieve a
good balance between large tuning range and insensitivity to
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technological imperfections. For the micropillars discussed in
this work we chose the diameter range to be between 4 pm and
5 pum, where absolute value of the slope [d(Egn11(de))/d(de)] is
below 1 peV/nm as can be seen in Fig. 4 (blue trace).

V. MARKER ALIGNED LITHOGRAPHY OF ARRAYS WITH
LocAL RESONANCE COMPENSATION

In the following we present details on fabrication of ho-
mogenous micropillar laser arrays using our diameter tuning
concept. The present work builds upon previous results reported
in Ref. [24] in which we presented that taking advantage of the
diameter dependent optical confinement allows one to improve
the spectral homogeneity of 30 x 30 micropillar arrays. In this
proof-of-principle work the pillar diameters were calculated
from a two-dimensional polynomial fit to the measured map
of Ey in the relevant unprocessed sample area and the later
micropillar array was roughly aligned to the scanned area.

In this way, it was possible to increase the spectral homo-
geneity in terms of the standard deviation of the resonance
energy distribution by 26% from about 350 peV in the planar
unprocessed sample to 260 peV in the fabricated micropillar
array. As we discuss in Ref. [24], the remaining inhomogeneity
was attributed partially to local fluctuations of the resonance
energy of the unprocessed wafer and to a smaller extend to
technological imperfections in the EBL and etching process.

Here we tackle the issue of local wafer inhomogeneities and
their impact on the fabricated micropillar arrays by a local map-
ping and the precise alignment of the pillar array to the scanned
sample area. For this purpose, we first mapped the resonance
energy Eq of the unprocessed material by pPL scanning with
1 pum step size. A corresponding 2D luminescence map of a
about 60 um x 60 pum sample area is presented in Fig. 5(a).
The sample region is in the center of the used wafer material
in which the aforementioned radial dependence of E (which
would lead to a gradient of Eqy within the area) is negligible.
However, we observe pronounced local fluctuation of E in the
range of 1.3 meV ona I ym to 10 um scale, i.e., on the order
the pillar diameter and the pillar pitch in the planned array of
8 x 8 micropillars whose later positions correspond to the
crossing points of the dashed lines overlaid to the intensity map.

Considering the local variations of the resonance energy, a
simple processing of pillars without diameter tuning would lead
to a large spectral inhomogeneity of the micropillar array. To
overcome this issue, we take the local resonance energy into
account and calculate the required diameter for each of the
8 x 8 crossing points of the dashed lines in Fig. 5(a) accord-
ing to Eq. (1) with a target energy of Epypy1 = 1.27048 eV.
Noteworthy, small scale variations of E; on a scale of the pillar
diameter are considered by taking the average of 5 x 5 pixels
(with 1 gm x 1 pum size) of the uPL map to determine the
associated energy Eg at each of the later pillar positions. Using
these 8 x 8 energy values the corresponding pillar diameters
were calculated and are plotted in Fig. 5(b). The calculated
diameters lie in the range between 4.37 pm and 5.22 pm and
the position of pillar with index (x, y) = (1, 1) corresponds for
instance to (X, y) = (0, 0) in Fig. 5(b) and so on for the other
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Fig.5. (a) uPL scan of the resonance of the unprocessed planar laser structure
with 1 gm resolution. The crossings of the dashed lines show the positions of the
later fabricated pillar array. (b) Calculated diameter pattern which addresses the
local energy fluctuations in (a) which were averaged over a diameter of 5 pm.
(c) Relative emission energy of the HE11 mode of the fabricated micropillar
array.

pillars. In the color coding it is nicely seen that the diameter
of pillars at positions with large (small) E are larger (smaller)
than the average value. For instance, the calculated diameter
of pillar (8, 3) with Eg = 1.26926 eV is 5.222 nm (red color),
while pillar (4, 2) has a diameter of 4.376 nm (blue color) and
Eo = 1.26874 eV.

Based on the calculated diameters the 8 x 8 pillar array was
processed as described in Section II. Special care was taken to
ensure a high alignment accuracy of the patterned arrays with
respect to the pre-scanned positions to take full advantage of
the local compensation of spectral homogeneity as described
in the previous paragraphs. The resonance measurement of the
finished micropillar array is now done in the same way as the
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luminescence map of the planar sample by recording a uPL
spectrum at each pillar position of the array. Fig. 5(c) presents
the fitted energy of the fundamental mode (i.e., Exygi1) of the
8 x 8 micropillar array relative to the average energy of
1.27055 eV. This energy is only 70 peV larger than the tar-
get energy of 1.27048 eV which can be explained by a small
(constant) offset between the nominal and real diameter of the
pillars of less than 100 nm. Importantly, the plot reveals that
local diameter tuning leads to a highly homogeneous array in
which most of the micropillars emit within a range of about
200 peV relative to the average energy. Still, there are a few
micropillars with a significantly larger deviation, such as pillar
(1, 8). This issue is related to the fact that at a large gradient of
Ey is present at respective positions so that the emission energy
of the pillar depends rather sensitively on the exact position
and small alignment errors can lead to a large deviation from
the target emission energy. Additional spectral deviations in the
arrays can result from unavoidable writing errors of the EBL
system. In our case, a standard deviation of the diameters on the
order of 30 nm leads to spectral variations of 20-30 peV in the
used diameter range.

Finally, to evaluate the effect of diameter tuning in
more detail we compare the spectral homogeneity of three
8 x 8 micropillar arrays realized without diameter tuning
(array 1, fixed diameter d. = 5 pm), with diameter tuning based
on a polynomial fit of E in the pre-scanned area (array 2), and
on diameter tuning taking local fluctuations of Ej into account
(array 3). The three arrays were processed in parallel on the same
chip to rule out wafer or process related effects on the spectral
homogeneity. Corresponding 2D maps of the fundamental mode
energy relative to the average energy of the pillars in the array
are presented in Fig. 6(a)—(c) using the same color coding for a
direct comparison. In case of array 1 with a standard deviation of
Egmi1 of 342 peV only 20 pillars lie in the target range of about
4100 eV (bright green) accessible via injection locking (see
Fig. 3(b), and 9 pillars are outside the spectral range 500 pueV
(black). Array 2 shows already significantly improved optical
properties with a standard deviation of 225 peV and 26 pillars
with emission in the £100 peV range and only three pillars
outside the £500 eV window. Highest spectral homogeneity
is achieved for array 3 with a standard deviation of 190 peV, 33
pillars emitting in the 100 peV range and only one pillar out-
side the £500 peV window. Interestingly, only array 3 includes
alarger 5 x 5 area (upper right corner, indicated by dashed lines)
in which all pillars emit within a spectral range of £300 peV.
Panel (d) presents a zoom-in PL map of this area recorded with
a step size of 1 um. The standard deviation of this sub-array is
118 peV and 23 out of 25 micropillars show emission within a
4300 peV window.

Overall the present data clearly highlights the importance and
potential of diameter tuning for achieving micropillar arrays
with high spectral homogeneity. Most promising is the tuning
approach which considers also local variations of the wafer’s
resonance energy. With a standard deviation down to 118 eV in
micropillar arrays the developed technology meets already the
requirements of photonic RC based on the diffractive coupling of
microlasers. Further developments could focus on the epitaxial
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Fig. 6. Maps of Egg11 relative to the average energy for an uncompensated
array (a), a compensated array by polynomially fitted resonances (b) and the
locally compensated array (c) from Fig. 5. The local compensation increased
the number usable pillars in the relevant energy window of 100 peV from 20
(31%) to 33 pillars (51%) as compared to the uncompensated case, which also
form more connected areas like the one marked in (c) that is shown in a detailed
pm resolved scan in (d). We attribute the slight position dependence of Eggi1
for some of the pillars in panel (d) to heating of the pillar which depends on the
position of the laser spot on the upper facet of the micropillar.

growth of microcavity structures with improved homogeneity
and on the optimized processing with better diameter control.

VI. SUMMARY

In summary, we developed a nanoprocessing platform for the
realization of highly homogeneous arrays of optically pumped
QD micropillar lasers for applications in photonic RC. The
envisaged implementation of RC is based on the diffractive
coupling in a dense array of vertically emitting microlasers. This
application is enabled by the epitaxial growth of QD-microcavity
structures and the subsequent nanoprocessing of regular mi-
cropillar cavity arrays using electron beam lithography and
plasma etching. To meet the stringent requirements of photonic
RC regarding the spectral homogeneity of the microlaser ar-
ray, we developed an advanced diameter tuning technique in
which we adjust the diameter of each individual micropillar
in the fabrication process to compensate local variations of
the resonance frequency, which occur in the underlying planar
microresonator structure. Here, we take advantage of the tight
light confinement and diameter dependent emission energy in
the micropillar cavities, which allows us to control the emission
energy by precisely setting the pillar diameter in the lithography
process. In this way we achieve highly homogeneous micropillar
laser arrays with a standard deviation as low as 190 peV for
an 8 x 8 pillar array and 118 peV for an optimized 5 x 5
sub-array. These values compare well with extracted values of
the injection locking range of about 200 p.eV which give promise
for a successful implementation of photonic reservoir computing
based on the developed of nanophotonic hardware. Future work
will focus on a further improving the spectral homogeneity by
diameter tuning in combination with optimized epitaxial growth
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to reduce the inhomogeneity of the planar microcavities and to
enable large-scale RC in diffractively coupled arrays of hundreds
of microlasers.
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