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We present measurements of first- and second-order coherence of quantum-dot micropillar lasers
together with a semiconductor laser theory. Our results show a broad threshold region for the observed
high- 8 microcavities. The intensity jump is accompanied by both pronounced photon intensity fluctua-
tions and strong coherence length changes. The investigations clearly visualize a smooth transition from
spontaneous to predominantly stimulated emission which becomes harder to determine for high 8. In our
theory, a microscopic approach is used to incorporate the semiconductor nature of quantum dots. The
results are in agreement with the experimental intensity traces and the photon statistics measurements.
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In recent years, remarkable progress in semiconductor
growth and processing has enabled the fabrication of tai-
lored optical microresonators, which provide a high appli-
cation potential in photonic devices, such as low-threshold
microcavity lasers. Several types of solid-state microcavi-
ties [1], including micropillars [2,3], microdisks [4,5], and
photonic crystals [6,7], offer very small mode volumes V,,
in combination with high quality factors Q. In these struc-
tures, the number of optical modes is strongly reduced. As
a consequence, the spontaneous emission (SE) coupling
factor B of a mode, defined as the ratio of SE into that
mode divided by the total SE into all modes, can become
close to 1, with serious implications on the nature of light
emission. With increasing S, the steplike ‘“‘threshold” in
the output intensity of conventional 8 < 1 laser devices
gradually disappears up to the so-called thresholdless laser
[8] in the limit B8 = 1.

According to earlier cavity QED approaches to the las-
ing dynamics in microresonators [9], a more accurate
interpretation of the lasing onset and the nature of the
emitted light is given by a photon statistics analysis.
Based on a two-point counting statistics comparison be-
tween coincident (zero delay 7 = 0) and temporally un-
correlated (long delay) photon emission events, significant
changes in the underlying field fluctuations from thermal to
coherent behavior have been reported for microlasers with
B~ 6X1073[10].

Here we present comprehensive studies on the emission
statistics and coherence properties of high-8 micropillar
lasers (8 = 0.04 and 0.12) under both continuous (cw) and
pulsed optical excitation. We use a quantum-dot (QD)
ensemble as the active layer, which could provide an
alternative gain medium to quantum wells as the conven-
tional choice of present microlaser devices. Strong photon
number fluctuations are identified from second-order cor-
relation measurements, revealing ‘‘bunching” within a
smooth transition to coherent light emission. The measure-
ments are compared to results of a microscopic theory for
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the coupled light-matter dynamics to describe the threshold
behavior of the QD micropillars. This new theory is ca-
pable of accounting for semiconductor effects that render
QDs different from atoms [11,12].

The micropillars are grown by molecular beam epitaxy
on a (001)-GaAs substrate, with a high-reflection planar
cavity structure consisting of 27 (23) bottom (top) distrib-
uted Bragg reflector (DBR) periods of alternating AlAs
(76 nm)/GaAs (66 nm) A/4 layer pairs. Two 130 nm GaAs
spacer layers between the DBR stacks form a A cavity,
centered around a single layer (d = 4.5 nm) of self-
assembled Ing30Gag;0As QDs (density of ~6X
10° cm™2). Combined e~ -beam lithography and plasma-
induced reactive ion etching were used to process high
quality arrays of cylindrically shaped micropillar struc-
tures [13]. The measurements of this Letter were per-
formed on two selected 3 and 4 um diameter pillars. A
scanning electron microscope (SEM) side view of a 3 um
pillar is shown in Fig. 1(a), demonstrating an almost per-
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FIG. 1 (color online). (a) SEM image of a 3 wm micropillar.
(b) Experimental (top)/theoretical (bottom) verification of the
pillar mode spectra (1 X, 2X mode degeneracy) for the 4 um
structure. Inset: Calculated transverse mode profiles with radial/
angular quantum numbers (m, [).
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fect structural shape together with a smooth surface
texture.

All studies on the micropillar emission characteristics
have been performed on a combined low-temperature (T =
4 K) microphotoluminescence (uPL) and a Hanbury
Brown-Twiss (HBT) second-order photon-correlation
setup [14]. For experiments under pulsed nonresonant
excitation above the GaAs barrier (E4¥ = 1.52 eV [15]),
a mode-locked Ti:sapphire laser tuned to 800 = 1 nm and
providing Af,, = 150 fs or 1.4 ps wide pulses at fq,. =
82(76) MHz was used. Micro-PL and g?(7) correlation
experiments under cw pumping were performed by a Ti:sa
ring laser operated at 800 nm. A 1 m double monochroma-
tor with a € N-cooled CCD (resolution AE = 30 ueV) was
used for spectral imaging and filtering. All photon-
correlation measurements have been recorded by ava-
lanche photodiodes (AQR-14) in multichannel coincidence
counting, with an instrumental accuracy (IRF) of Afjgp =
600 ps. Additional first-order g'"(7) coherence measure-
ments on the spectrally filtered pillar mode emission were
performed on a computer-controlled Michelson
interferometer.

To reveal the optical mode structure of the micropillars,
the inhomogeneously broadened emission of the QD en-
semble is used as a cavity-internal light source. As shown
for the 4 pm structure in Fig. 1(b) (top), a series of narrow
emission modes is observable. These eigenmodes have
been identified from calculations on the basis of an ex-
tended transfer matrix method [16]. Excellent agreement is
found from a direct comparison [Fig. 1(b)]. The mode
degeneracies together with their transverse (cross-
sectional) intensity patterns are depicted below.
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FIG. 2 (color online). (a) §@(r) correlation series for the
3 um fundamental pillar mode under varying cw excitation,
clearly revealing photon bunching ®(0) > 1. Inset: Coher-
ence time fit to the 5.0 mW trace under convolution with the
temporal IRF (Afrg = 600 ps). (b) Power-dependent autocorre-
lation series of the same micropillar under pulsed excitation,
again reflecting a strong bunching effect at 7 = 0.

From the spectral emission widths at low excitation,
quality factors of Qcy, = E /AE=8600 300 (3 uwm) and
12300 £ 500 (4 wm) have been estimated for the funda-
mental modes [~1.3346eV (3 um) and ~1.3234eV
(4 pm)].

Figures 2(a) and 2(b) depict photon-correlation results
from the 3 pm pillar’s fundamental mode emission under
cw and pulsed excitation, respectively. In the pulsed ex-
periments, the effect of bunching is clearly observable, re-
flected as an increase of the center (7 = () with respect to
neighboring correlation peaks at 7= nAfeye = 1/ fexe
within a broadened excitation power range around the
stimulated emission onset. Autocorrelation measurements
under cw excitation also reveal a strongly enhanced two-
photon coincidence probability at short delays |7] = 7.
(7.: coherence time) for intermediate powers. For a correct
description of the experimental correlation traces §?(7)
under consideration of the HBT temporal resolution Atjgp,
a fit function as a convolution of the idealized expression
g?(r) = 1 + byexp(—2|7|/7.) (by: bunching amplitude)
with a Gaussian function of width 20 = Atirp has been
applied as

§9(r) = l/m [oo dr'g?(r — ) exp(—71%/20?).
(n

From fits to the normalized cw §®(7) traces, coherence
times of 710 + 20 ps [P§* = 5 mW; inset in Fig. 2(a)] and
480 = 30 ps (4.375 mW; not shown) have been evaluated.
As is demonstrated below, these values reveal excellent
agreement with direct measures of the coherence times.
In the bottom parts of Figs. 3(a) and 3(b), the funda-
mental mode intensity traces of the 3 (4 wm) pillar
samples under pulsed excitation are shown. In either case,
an s-shaped smooth intensity transition [17,18] appears at
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FIG. 3 (color online). (a),(b) Integrated intensities (bottom) for
the 3 (4 um) pillars under nonresonant pulsed excitation. Strong
photon bunching §?(0) > 1 is found from corresponding corre-
lation measurements (top) over a broadened regime around the
threshold.
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intermediate excitation levels of ~200 (~500 wW) for the
3 (4 pm) pillar, respectively. As is exemplarily depicted in
Fig. 4(b) for the 3 um pillar, an equivalent trend is also
found in the cw intensity traces, where the s-shaped thresh-
old region is not fully developed due to experimental
limitations.

In Figs. 3(a), 3(b), 4(a), and 4(b), indications of strong
photon field fluctuations are consistently observed over the
full onset regions (~ *1 decade) of stimulated emission in
all traces of g (0). In the regime well below the threshold,
the measured 7 = 0 correlations remain close to 1, in con-
trast to an expected thermal behavior with g?(0) > 1 [9].
In order to clarify this observation, supplemental cw
power-dependent g(V)(7) first-order field correlation mea-
surements by Michelson interferometry have been per-
formed on the same 3 wm pillar. As is shown in
Fig. 4(c), a strong decrease of the coherence time 7,
from 700 down to <50 ps is directly monitored within
the nonlinear transition region. We therefore attribute the
observed g (0) — 1 decrease at low excitation powers to
the temporal detection limits of the HBT setup (Afgrp),
which no longer resolve the “real” g® (7 = 0) result but
represent a convolution over extended time scales 7 > 7.
with ¢@(r > 7.) = 1. This is also demonstrated in the
theory section. Moreover, our experiment-theory investi-
gations comply with recent data on high- 8 photonic crystal
lasers [19] showing such g@) characteristics around the
lasing onset.

As also becomes obvious from Fig. 3, the Poisson limit
of §®(0) = 1, denoting stabilized coherent emission, is
only gradually approached. Noticeable bunching signa-
tures are still observable at excitation levels of >10X
(5X) increased excitation powers above the transition

onsets into stimulated emission (3 um: ~200 uW;
4 pm: ~500 uW).
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FIG. 4 (color online). (a) 3@(r = 0) autocorrelation results
derived from the 3 wm pillar fundamental mode under cw
excitation [see series in Fig. 2(a)], together with the correspond-
ing mode emission intensity (b). (c) First-order gV)(7) series,
revealing a strong 7. coherence decrease in the low excitation
limit.

In the past, theoretical models of photon correlations
have been based on atomic systems. Recently, differences
between the emission properties of QDs and atoms have
been discussed [11,12]. In semiconductors, recombination
processes require the presence of both electrons and holes,
which are not necessarily fully correlated. Scattering pro-
cesses can redistribute electrons and holes independently,
and dephasing as well as screening effects can reduce
(excitonic) electron-hole correlations due to Coulomb in-
teraction. Only the fully correlated case corresponds to the
atomic picture. From the semiconductor Hamiltonian for
the interacting carrier-photon system, we determine the
time evolution of the carrier population and the photon
number using Heisenberg’s equations of motion. In order
to truncate the arising equation hierarchy, we use the
cluster expansion [20] which was previously applied to
describe the luminescence dynamics of quantum wells
[21] and QDs [11,12]. In this Letter, we address intensity
fluctuations, which are discussed in terms of the second-
order correlation g®(r = 0) = ((n2) — (n))/(n)*. Here
n = btb is the photon number operator, expressed via
creation and annihilation operators for the laser mode.
The autocorrelation function can be written in terms of
the correlation function &(bTbtbb) = (bThTbb) —
2(bTh)?, being fourth-order in the cluster expansion:
g?®(0) =2+ 8btbtbb)/(bTb):. For a self-consistent
theory on this level, we start with equations of motion
for the photon number and the electron and hole popula-
tions, f¢ = {clec,) and f2 =1 — (v}v,), where v is the
carrier operators’ electronic state index. The source term of
these equations contains the photon-assisted polarization
(b*v,tc,,), which introduces the additional carrier-photon
correlations 8(btbclc,) and 8(bTbviv,). Their dynam-
ics, as well as the equation of motion for 8(btbtbb), are
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FIG. 5 (color online). (a),(b) Calculated output curves (bot-
tom) and g@(0) (top) for various 3. (c),(d) Calculated results vs
experimental data (pulsed) from Fig. 3(a) for the 3 wm pillar. In
(c), a convolution (solid line) with the experimental temporal
resolution 7, is shown. (d) Corresponding I/O curves, explicitly
indicating the effects of pump saturation.
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coupled to the dynamics of 8(bTbthvlc,). For a basic
explanation of our experimental observations, Coulomb
effects are restricted to renormalized interband couplings,
effective transition energies, and scattering rates.

For the calculations, we distinguish between the laser
mode and nonlasing modes. The equation of motion for the
photon-assisted polarization of the nonlasing modes is
eliminated adiabatically in order to introduce the 3 factor.
We consider QDs with two confined shells, with the laser
transition between the s shells. The pump process is mod-
eled with a constant carrier generation rate into the p shell,
incorporating saturation effects due to Pauli blocking. We
consider fast carrier scattering from the p to the s shell in
relaxation time approximation [22]. Rates for cavity losses
and damping of polarizationlike correlations are also
introduced.

Figures 5(a) and 5(b) show results for various values of
B. We use 7y, = 27 ps for the total SE time and 7, =
13 ps for the cavity lifetime. Here the number of QDs is
increased with decreasing B to compensate the reduced
emission into the laser mode. In the logarithmic represen-
tation in Fig. 5(b), the s-shaped intensity jump is found not
to scale with 8~ '—in contrast to the predictions of rate
equations [9]. This is a direct result of our semiconductor
model with a modified source term of SE and the absence
of complete population inversion. In the limit 8 = 1, no
kink is visible, reflecting all stimulated and spontaneous
emission to be coupled to the laser mode.

The calculated true correlation function g@ (7 = 0) is
shown in Fig. 5(a), revealing the value of 2 for thermal light
below the threshold and 8 < 1. In the threshold region,
the correlation function decreases to unity, as the expected
value for coherent laser light. For large values of 3, this
transition becomes broader while still indicating the onset
of coherent emission, and g®(0) deviates from 2 below
threshold. This reduction is a consequence of a large Q
factor, a small number of emitters, and a fast SE rate and is
therefore a characteristic of high-Q microcavity lasers. In
the theoretical limit Q — oo, g@(0) is always 1 [9].

Figure 5(d) provides a comparison of the calculations for
the pulsed measurements of the 3 um pillar with 7,, =
13 ps, a SE time into the laser mode of 7}, = 250 ps, and
42 resonant QDs, yielding 8 = 0.12, in good agreement
with the observed intensity trace. Saturation effects be-
come visible in the high excitation regime, indicative of
blocking of the rapidly filled pump levels. Similarly, 8 =
0.04 reproduces the 4 pm pillar results (not shown).

Figure 5(c) depicts the calculated autocorrelation func-
tion. For a direct comparison with our §® experiments
(limited by Afrp), we have adapted the measured coher-
ence times 7. to our results in Figs. 5(c) and 5(d). Since the
upper output intensity branch is not accessible for cw
pumping, this can be done only qualitatively. We determine
g () for each pump intensity from the calculated g®(0)
via g?(r) =1+ [g?(0) — 1]exp(—2|7|/7.) and con-
volve with an apparatus function as discussed in the first

section [Eq. (1)]. The 7 = 0 value of this convolution is
shown as a solid line in Fig. 5(c), reproducing the measured
g?(0) correlation “peak” and its incomplete decay into
full coherence, the latter being caused by saturation effects.

In summary, the emission properties of quantum-dot
based microcavity lasers with large spontaneous emission
coupling have been studied. In this regime, the statistical
properties of the light emission are analyzed by photon-
correlation measurements. A smooth transition from spon-
taneous emission with strong photon bunching to stimu-
lated emission with a Poissonian statistics is observed. Our
results are in good agreement with calculations of the
intensity and intensity fluctuations based on a novel semi-
conductor theory.
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