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Influence of the spontaneous optical emission factor £ on the first-order coherence
of a semiconductor microcavity laser
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A systematic experimental and theoretical study of first-order coherence properties of high-8 quantum-dot
micropillar lasers is presented. A nonlinear increase in the coherence length is found in the transition regime
from spontaneous to dominantly stimulated emission. This increase is accompanied by a qualitative change in
the first-order field-correlation function g("(7) from a Gaussian-type profile to an exponential behavior, which
is in excellent agreement with a microscopic semiconductor laser theory. Our results also demonstrate a
decreasing coherence length with increasing spontaneous emission coupling 3, thus raising questions about the

practicability of high-g lasers for device applications.
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The coherence length of radiation is one of the most fun-
damental properties of a laser. Its knowledge is a crucial
precondition for applications in interferometry and related
areas. In recent years, intense research on the fabrication and
physics of micro-and nanocavity lasers has been performed
due to their high potential for ultralow threshold or even
thresholdless lasers.! These kinds of lasers, e.g.,
micropillar,>* microdisk,>”” and photonic crystal®-1? lasers,
possess both small mode volumes and high-quality factors Q.
Therefore, the spontaneous emission (SE) coupling factor B8
of a mode, defined as the ratio of SE into that mode to the
total SE into all modes, can approach values close to 1. As a
consequence, a high fraction of spontaneous emission (ther-
mal light) is coupled into the lasing mode. This leads to a
reduction in the laser threshold, but at the same time the light
state is composed of both thermal and coherent light states.
Recent photon statistics measurements demonstrated®!© that
the regime of fully coherent light emission in microcavities
is only gradually approached at pump powers well above the
smooth kink in the input-output (i/0) curve, which is com-
monly defined as the laser threshold. First-order field-
correlation measurements g‘"(7) showed a nonlinear in-
crease in the coherence length from subthreshold to the
above-threshold regime.>* Furthermore, a linear increase in
the coherence length above threshold was demonstrated for a
photonic crystal nanocavity laser.!!

Up to now, systematic studies of the influence of the 8
factor on the coherence properties of microcavity lasers are
missing. In this paper, we present comprehensive experimen-
tal and theoretical investigations of the coherence properties
of different high-/ micropillar lasers as a function of pump
power from values below to well above threshold. A rapid
nonlinear increase in the coherence length is found around
the laser threshold and a strong influence of the 8 factor on
the coherence properties of the emitted light is demonstrated.
We find that the maximum achievable coherence length is
limited by thermal heating effects in the corresponding cavi-
ties. The measurements are compared to results of a micro-
scopic theory for the coupled light-matter dynamics that de-

PACS number(s): 78.67.Hc, 42.50.Ar, 42.55.Sa, 78.55.Cr

The micropillar structures under study have been grown
by molecular-beam epitaxy on a (001)-oriented undoped
GaAs substrate. A single layer of self-assembled
Ing 30Gag 70As QDs (lateral density ca. 6 X 10° cm™) serves
as the active medium that is surrounded by two 130 nm
GaAs barriers to form a N cavity. Using 27 and 23 pairs of
alternating AlAs/GaAs quarter-wavelength layers as the bot-
tom and top distributed Bragg reflectors around the GaAs
layers, a planar cavity structure is realized. High-quality mi-
cropillar structures with both circular and elliptical cross sec-
tions have been processed by electron-beam lithography and
Ar/Cl, plasma-induced reactive ion etching. Detailed infor-
mation about the sample and the growth processes are re-
ported elsewhere.>!? In this paper, we present measurements
performed on three elliptical (e=20%) micropillars with 1.8,
2.6, and 6 um diameters.

All optical measurements on the micropillar emission
characteristics have been performed on a low-temperature
(T=4 K) confocal microphotoluminescence (u-PL) setup.
The sample was nonresonantly excited by a continuous-wave
(cw) Ti:sapphire ring laser operated at 800 nm. Emission
spectra were dispersed and recorded by a 0.75 m monochro-
mator equipped with a liquid-N-cooled charge coupled de-
vice camera providing AE=35 ueV spectral resolution,
which is sufficient in our case, although homogeneous line-
widths for single dots of only a few ueV have been reported
in the literature.'>!* Spectrally selected emission was then
sent to a computer-controlled Michelson interferometer in
order to perform first-order field-correlation measurements.
The Michelson interferometer consists of a 50/50 nonpolar-
izing beam splitter and two retroreflectors orthogonal to each
other. One of the retroreflectors is mounted on a feedback-
controlled linear translation stage to introduce distinct differ-
ences between the arms of the interferometer. In order to
record subsequent interference fringes, a single avalanche
photodiode is attached to the interferometer.

It is known that the degeneracy of the fundamental mode
is lifted in elliptical pillars, resulting in a pair of orthogonally

scribes the lasing properties of quantum-dot (QD)  polarized modes.*!>!® A typical linearly polarized u-PL
micropillars. spectrum taken at low excitation power from a 6 pm micro-
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FIG. 1. (Color online) (a) A typical high-resolution linearly po-
larized u-PL spectrum taken at P=0.5 mW from a 6 um elliptical
micropillar showing the fundamental and higher excited modes. (b)
Excitation power—dependent output intensity of the fundamental-
mode emission from 1.8, 2.6, and 6 um pillars in a log-log plot
under nonresonant cw-excitation conditions. The curves are shifted
for clarity. Due to heating effects at high excitation conditions, the
upper branch of the 1.8 wm pillar is not fully covered. Solid lines
represent the calculated curves from which S is determined. Theo-
retical results are shifted to match the milliwatt scale of the
experiment.

pillar is shown in Fig. 1(a). The fundamental mode (left
peak) and higher excited modes of the micropillar can clearly
be observed in the emission. All further measurements have
been performed on the high-energy polarization component
of the fundamental mode that dominates the emission spectra
with increasing excitation power.

Figure 1(b) displays the excitation power—dependent out-
put intensities of the fundamental mode emitted from all
three micropillars on a double-logarithmic scale. An
s-shaped smooth transition from spontaneous to dominating
stimulated emission is observed for all pillars as expected for
high- lasers.>*!° To complement our studies of microcavity
lasing, we employ a semiconductor theory that has been de-
veloped to describe the emission from QDs under consider-
ation of their semiconductor nature.'” Despite the fact that
the discrete level spectrum of QDs invites for a description
via atomic models, many-body effects and Coulomb interac-
tion cause QDs to differ from atoms in many aspects, the
nonlinear source term of spontaneous emission being just
one example.'®!” With the following parameters we find a
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consistent overall description and an estimate of the struc-
tural parameters of the experiment. For the 6 um pillar a
number of 500 QDs (2.6 um: 170; 1.8 wm: 80) is used,
along with a total spontaneous emission time of 80 ps
(2.6 pum: 55 ps; 1.8 um: 45 ps) and a homogeneous QD
broadening of I'=200 ueV. Furthermore, we consider the
measured Q factors of 44 500 (6 wm), 38 000 (2.6 wm),
and 20 000 (1.8 wm) which have been derived from coher-
ence time measurements via Fourier transformation around
the transparency point.?’ The 8 factor is used to fit the height
of the jump in the i/o curves to the experiment. The results
are shown as solid lines in Fig. 1(b). For the 6 and 2.6 um
pillars, we obtain 8 values of 0.01 and 0.03, respectively. For
the smallest pillar, heating effects cause instabilities that
limit the maximum excitation power. This becomes clearly
visible above an excitation power of 3 mW. A B value of
0.05 has been estimated in this case by extrapolation. The
observed threshold reduction with decreasing pillar diameter
is due to the larger Purcell effect which enhances the SE into
the laser mode by a factor of ~Q/V, V being the mode
volume.

The coherence properties of the fundamental-mode emis-
sion have been investigated by direct measurements of the
first-order correlation function

(2 BB+ D) 0
(b (0b(0))
which is here expressed in terms of quantum-mechanical av-
erages of annihilation and creation operators b and b' for
photons in the fundamental mode. The first-order coherence
describes field correlations and is, therefore, directly linked
to the appearance of interference fringes in superimposed
coherent light beams. A measurement of |g'!)(7)| is possible
by analysis of the visibility of interference fringes observed
at the output port of the Michelson interferometer according
to V(D)= nax—Imin) ! Umax+ Imin) =g (7)].2" Therefore, the
coherence time of the fundamental mode at a certain power
can be obtained from the evolution of the visibility V(7) with
increasing delay times 7. An example of such highly resolved
interference fringes is shown in the inset of Fig. 2, with more
than 95% visibility around zero delay. We have carried out
such visibility measurements at different pump powers cov-
ering the transition regime between spontaneous to dominat-
ing stimulated emission depicted in Fig. 1(b). The experi-
mental results from the fundamental-mode emission of the
2.6 um pillar are presented in Fig. 2. A clear qualitative
change in the visibilities from a Gaussian-type profile to a
more exponential behavior can be observed within the tran-
sition regimes of all investigated micropillars. This change in
the visibility curves has been verified by calculations based
on a semiconductor model (discussed below).
The decay of the first-order coherence function in Fig. 2
gives direct access to the coherence time

Tc=j lgM(7))%d. (2)

The extracted excitation power dependence of the
fundamental-mode coherence time for each micropillar is
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FIG. 2. (Color online) Visibility curves of the fundamental-
mode emission from the 2.6 wm pillar at different excitation pow-
ers. A gradual change in the visibility profile from Gaussian-type
behavior to a more exponential behavior is obtained with increasing
excitation power. The measured results (dots) are in qualitative
agreement with the calculation (solid lines). Inset: A typical high-
resolution interference fringe from the fundamental mode at a cer-
tain delay time with V(7) over 95%.

displayed in Fig. 3. Interference measurements at low pump
powers yield Gaussian-type V(7) traces with coherence times
of around 7.=20-30 ps, thus giving AFEpwum
=y21n 2/#7;12140—90 meV for the corresponding emis-
sion linewidths—consistent with our spectral data. A nonlin-
ear increase from 7,~30 to =990 ps for the 6 um pillar is
observed near and above the transition region from sponta-
neous into mainly stimulated emission.

A central result of our investigation is that the coherence
time 7, depends strongly on the spontaneous emission cou-
pling B. For the 6 um pillar (8=0.01), the longest achiev-
able coherence length is /.=c7.~30 cm, whereas signifi-
cantly smaller values of [.~7.5 cm (B4 ,m=0.03) and
~3 cm (B3 ,m=0.05) can be obtained from the smaller-
sized structures. To highlight this feature, a calculation of
various 3 values is presented in Fig. 4. Except for 8 and the
number of emitters, the parameters are the same for all three
curves (see the figure caption). For comparable points on the
i/o curves regarding the threshold, we find that devices with
a larger B factor exhibit shorter coherence times. At the same
time, even in the case of B=1 (often considered as “thresh-
oldless” laser), the slower but nevertheless distinct rise in the
coherence time can be used to identify the threshold region.
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FIG. 3. (Color online) Pump power dependence of the coher-
ence time 7, of the fundamental-mode emission for 1.8 (squares),
2.6 (spheres), and 6 um (triangles) pillars in a log-log plot. A non-
linear increase in coherence time is observed for all pillars. As
depicted in the figure, longer coherence times were observed for
low-p3 pillars. Excellent agreement with the calculation (solid lines)
is presented. Theoretical results are shifted to match the milliwatt
scale of the experiment.

The physical origin of the reduced coherence time (increased
linewidth) with increasing S is the stronger contribution of
spontaneous (incoherent) processes coupled into the laser
mode.

A semiconductor theory for the QD emission has previ-
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FIG. 4. (Color online) Theoretical i/o curves (top) and coher-
ence times (bottom) for various values of the B parameter. The
curve for 8=0.01 equals that of the 6 um pillar. For 8=0.1 and
B=1, 50 and 5 QDs have been used, respectively. All other param-
eters remain unaltered.
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ously been used to calculate the i/o characteristics and
second-order coherence g(z)(r= 0) at zero delay time of QD-
micropillar lasers.>!” For the present results we extend the
theory to calculate the first-order coherence g'V(7) at differ-
ent delay times.

To obtain the coupled laser equations, we start from a
many-body Hamiltonian containing the free-carrier spec-
trum, the free electromagnetic field, and Coulomb and light-
matter interactions. Carriers are treated in second quantiza-
tion and also the light field is quantized. We consider
observables such as the photon number in the laser mode
(b'b); the electron and hole populations (czc,) and 1
—(v,tv,,), where the index denotes the localized QD states;
and the first-order correlation function according to Eq. (1).
Using Heisenberg’s equations of motion (eoms), the dynam-
ics of these observables is determined. Due to the two-
particle parts in the Hamiltonian, a hierarchy problem arises,
i.e., in the eom for averages of n particles, (n+1)-particle
averages appear. This hierarchy is truncated by using the
cluster expansion method.!%?> The application of this method
to obtain the semiconductor laser equations was elaborated
in Ref. 17.

For the calculation of two-time quantities such as gV(7)
in Eq. (1), we now formulate eom with respect to the delay
time 7. This leads to the occurrence of more operator aver-
ages with mixed time arguments, i.e., (bT(t)vZ(H 7)c(t+7)).
With gV(7) being a doublet quantity (two-particle average)
in the cluster expansion scheme, we truncate the hierarchy
consistently at the same level. In comparison, for the calcu-
lation of ¢g@(7=0), which is a quadruplet quantity (four-
particle average), the inclusion of averages up to the four-
particle level is necessary.

By using the following approximations, an analytical so-
Iution for gV(7) can be obtained: (i) stimulated emission is
restricted to a single mode, (ii) correlations between photons
and charge carriers are neglected (“semiclassical factoriza-
tion”), (iii) N identical QDs are considered to be in resonance
with the laser mode, and (iv) Coulomb effects are included
via effective light-matter coupling and scattering rates. With
this we find an analytical solution of the form
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with  Aiy.=(k+T)/2 % \[g]’N(fF-f*)+(k-T)%/4.  Here,
2/ is the cavity loss rate obtained from the Q factors, I is
the homogeneous QD broadening, and |g|*=A(k
+1') B/ (2 Tgpony) is the light-matter coupling strength. The sta-
tionary populations of the lowest confined QD states f* and
¢ are obtained from the stationary solutions of the dynamic
laser equations. From Eq. (2) and the equations above, we
find for the coherence time

11 #
T.=—+—+ .
Yo y- k+T

(4)

Equations (3) and (4) have been used to obtain the results
shown in Figs. 2—4. As can be seen, the theory predicts the
coherence times and line shapes of the visibilities very well.
Expanding Eq. (3) in a Taylor series reveals the Gaussian-
type characteristic in the decay of |g(!)(7)|, as the term linear
in 7 drops out. Contrary to earlier presumptions,* this line
shape is not caused by the inhomogeneous broadening, but is
a consequence of the quantum-mechanical interaction pro-
cesses. Considering the solutions . at transparency, f°—fY
=0, we get y,=I">y_=k, yielding a decay that is close to
exponential |gV)(7)|=e7-".

In conclusion, we have presented a comprehensive study
of the first-order coherence in QD micropillar lasers. A steep
increase in the coherence time is found around the laser tran-
sition, which is accompanied by a change in the decay char-
acteristics of g('(7) from Gaussian type to exponential. All
presented results reveal high conformity with a microscopic
laser theory, which has been extended in this work to calcu-
late the two-time correlation function g (7).
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