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Direct time-domain observation of transition from strong to weak coupling
in a semiconductor microcavity
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We measured temporal evolution of the coherent emission from a semiconductor microcavity by a
very sensitive ac balanced homodyne detection system. The experimental results can be well
explained by the coupled exciton—photon model with varying exciton linewidth. 1968
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In the past few years there has been much interest anthe intensity noise of the local oscillator was reduced by 35
study of the coupled exciton—photon system in a quantunalB due to the common mode rejection of the balanced ho-
well (QW) embedded semiconductor microcavity.In the ~ modyne detector. To eliminate the instability of the interfer-
weak coupling regime, the radiation pattern and the decapmeter, the optical path of the signal arm was modulated
rate of excitonic spontaneous emission can be drasticallwith Al at a frequency, by a mirror mounted on a piezo-
modified by a resonant microcavityin the strong coupling electric transduce(PZT) scanner. This optical path length
regime, new eigenstates of the system, i.e., the excitonmodulation generates a sinusoidal signal in the differential
polariton states are formédThe normal mode splitting and amplifier output at a frequency,=», X Al/\, where\ is
corresponding temporal oscillation of the emission have beethe center wavelength of the optical pulses. Since this ac
observed in the absorption/emission spgcﬁ‘and in the balanced homodyne detection scheme is insensitive to the
temporal measureméfit’® at low excitation intensity. At long-term drift and short-term instability of the Mach—
h|gh pump power, the rapid dephasing of excitons andzehnder interferometer, it giveS ultrahlgh SenSitiVity. The
bleaching of excitonic oscillator strength induce a transitiontime delay 7 of the local oscillator pulses can be varied by
from strong coupling to weak couplifg-*’In this letter, we moving a corner mirror placed on a translational stage. The
report direct observation of such transition in the time do-time evolution of the amplitude of the coherent emission
main. from the microcavity was detected by measuring the sinu-

In our microcavity sample grown by molecular beam soidal output signal at frgquenayn at different time delayr
epitaxy, a 20 nm GaAs QW is located in the middle of aby a narrow bandpass filter and an ac vol'tage meter.'
half-wavelength distributed Bragg reflectébBR) cavity. Figure 1a) shows the temporal evolution of the micro-
The top (bottom) mirror consists of 15.5(30) pairs of
Alg1:GaygAs and AlAs layers. The AlGa ,As buffer
layer is tapered along one direction of the sample so that the
cavity resonant photon frequency varies with sample posi-
tion. The sample was cooled down to 4.2 K in a liquid he-
lium cryostat during the optical measurement.

The temporal evolution of the microcavity emission was
measured by an ac balanced homodyne detection sy&tem.
150 fs pulses from a mode-locked Ti:sapphire laser were
split by a beam splitter into two arms of a modified Mach—
Zehnder interferometer. One beam was used as the local os
cillator wave, the other was used to resonantly excite the
microcavity sample at an incident angle of 2.5°. The re-
flected pulses and the microcavity emission into the reflec-
tion direction were combined with the local oscillator pulses S T
ata seco.nd beam splitter. The two putpgts from the second Delay Time ( ps) Wavelength (nm )
beam splitter were detected by two identical photodetectors,

whose photocurrents were fed into a differential amplifier_FlG. 1. (a) Measured temporal evolution of the microcavity emission at

different pump power(h) Simultaneous measurement of the reflection spec-

tra from the microcavity at different pump power. The estimated exciton

dElectronic mail: sjiang@yqfp.jst.go.jp densities in the microcavity af@) 1.1x10° cm 2 (B) 1.1x10° cm™ % (C)

YAlso with NTT Basic Research Laboratory, 3-1 Wakamiya, Atsugi, Kana-5.5x10° cm 2, (D) 1.1x10°cm % (E) 2.0x101%cm™2 (F) 2.7x10Y°
gawa, 243, Japan and E. L. Ginzton Laboratory, Stanford University, Stanem 2, (G) 4.4x10°cm ™% (H) 6.6<x10°cm™% (1) 1.1x10"cm™2
ford, CA 94305. respectively.
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25 tion is much shorter than the decay time of the microcavity
@ (a) emission, in the strong coupling regime, we extracted the
20| ) exciton—polariton decay rate from the slope of the oscillation

peaks in Fig. 1a), i.e., fitting the height of the oscillation

"
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% 151 ‘?'ﬁ peaks by an exponential function. In the weak coupling re-

o ' s * gime, we obtained the emission decay rate by fitting the in-

& AR 0 tensity with an exponential function.

§ 10r 9 * In Fig. 2(@), triangles represent the decay rates in the

a NV 2 ® © strong coupling regime at low pump power, while crosses

0.5 + - _ are the decay rates in a weak coupling regime at high pump
(0) 818 E power. The circles represent the decay rajgsevaluated
0—oo Dﬂ%@ i g:; I from the spectral linewidtiAw of the reflection spectrum by
el PO using the relationy;=Aw/2. It is clear that the decay rates
. . ) . 811 2 evaluated from the temporal evolution are in close agreement
2

101 109 10! 102 103 104 with those from the corresponding spectral linewidth. As the
Pump Power (W ) pump power increases, the decay rate of the exciton—
polariton oscillation increases. At the transition point from
FIG. 2. Measured decay rate and peak wavelength in the reflection spectstrong coupling to weak coupling, the decay rate is maxi-
of the microcavity emission as a function of the pump powen) Mea- mum. After passing the transition point, as the pump power
sured decay ratéb) Measured peak wavelength in the reflection spectra. . " .
increases further, the exponential decay rate of the microcav-
ity emission starts decreasing. Figuréb)2shows the peak

cavity emission at different pump power. The peakr&t0  \yavelength in the reflection spectra as a function of the
corresponds to the direct reflection of the pump pulses fromyymp power.

the sample surface, while the subsequent peaks correspond to Tq ynderstand our experimental results, we have set up a
the exciton—polariton oscillation. In the following analysis, simple model based on the Hamiltonian:
we used the first peaks as the zero time markers and exclude
it from evaluating the decay rates of the microcavity emis- o1 1 . "
sion. The spot size of the pump beam on the sample was H=fwc(@'a+3) +fiwy(b'b+3)+fig(a’b+ab’)
about 25um in diameter. The spectra of the pump pulses
were centered at 814 nf526.26 meY with a full width at +> hgaferach+> hgi(bfde+bd), (1)
half maximum of 9 nm(17 me\). The cavity photon fre- K !
guency was tuned close to the QW heavy-hblél) exciton
emission frequency. The exciton densities d#) 1.1  wherea, andb (A w., andf w,) are the operatorenergies
x10° cm % (B) 1.1x10° cm 2 (C) 5.5x10° cm % (D)  of the cavity photon, and QW HH—exciton, respectivegjys
1.1x10° cm % (E) 2.0x10°%cm % (F) 2.7x10°°cm %  the coupling constant between the HH—exciton and cavity
(G) 4.4x10°cm™?% (H) 6.6x10°°cm™?% and (I) 1.1  photon. The fourth and fifth terms in E@l) represent the
X 10 cm™2. Figure 1b) shows the simultaneous measure-reservoir coupling of the cavity photon and HH exciton, re-
ment of the reflection spectra of a probe beam. At low pumpspectively. We consider the resonant cagse= wy,. Hence,
power, the strong coupling of the QW HH exciton with the the light-hole(LH) exciton can be neglected since its emis-
cavity photon results in two HH exciton—polariton peaks insion frequency is far from the cavity photon frequency.
the reflection spectrum. The beating between these twéleisenberg equations of motion farandb are derived after
exciton—polariton states leads to a temporal oscillation otliminating the photon and exciton reservoir coordinates and
microcavity emission. The oscillation period is about 1.2 ps,ntroducing the damping ternis, andT',, for the cavity pho-
which is in good agreement with the spectral splitting ofton and HH exciton, respectively. Whep<I'./2 or I'},/2,
about 2.1 nm(4.1 me\) between the two HH exciton— the system is in the weak coupling regime, and thus, the
polariton states. As we increase the excitation intensity, irexciton—photon coupling can be treated as a perturbation to
the frequency domain, the exciton—polariton peaks arg¢he uncoupled exciton—photon system. On the other hand,
broadened, and their mode splitting is slightly reduced. In thevheng>T"./2 andI'},/2, the system is in the strong coupling
time domain, the microcavity emission peak intensity decaysegime where new eigenstates of the system, i.e., exciton—
faster, but the exciton—polariton oscillation becomes slowerpolariton states, are formed. At low excitation intensity
Eventually, the two exciton—polariton peaks in the reflectionwhere the exciton density is much lower than the Mott den-
spectra are replaced by a single cavity photon peak, indicasity, exciton—exciton interaction can be neglected since the
ing the transition from strong exciton—photon coupling toaverage distance between excitons is much larger than the
weak coupling. The single cavity photon resonance narrowsxciton Bohr radius. However, as the exciton density in-
as the pump power increases. Meanwhile, the temporal osreases, excitons scatter among each other and also with free
cillation of the microcavity emission is replaced by an expo-carriers. The corresponding dephasing leads to an increase of
nential decay. The decay rate decreases as the pump powét. Eventually, whenl',/2 exceedg, the system makes a
increases. transition from strong coupling to weak coupling. As the
Figure 2 shows the measured decay rate and peak wavexcitation density increases further, phase space filling and
length in the reflection spectra of the microcavity emission ascreening lead to a reduction of the excitonic oscillator

a function of the pump power. Since the pump pulse’s durastrength, and thus, a decrease of exciton—photon coupling
Downloaded 20 Aug 2001 to 129.105.151.28. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 73, No. 21, 23 November 1998 Jiang et al. 3033

@ (b) versely proportional to the exciton—polariton mode splitting
NS ARSARRRSL A T TR Q, slightly increases due to the slight decreas&iat larger

I I',. WhenT'/2 approacheg, the temporal oscillation is
Wm M replaced by an exponential decay. This change in the time
; domain is accompanied with the merge of the two exciton—

polariton peaks into a single peak in the frequency domain.

A As TI'y, increases further, the decay rate of the microcavity
_,/\ emission starts decreasing, and eventually it approathes
'_//\ in the weak coupling limit. The calculation results agree well
A with the experimental data.

; - In conclusion, we observed, in both time and frequency

0o 1 2 3 4 5 810 812 814 816 domains, the transition from strong exciton—photon coupling
Time (ps) Wavelength (nm) to weak coupling in a semiconductor microcavity. The ex-
FIG. 3. (a) Calculated temporal evolution of the microcavity emission at perlmental observation can be well eXplamed by our theoret-

different T'y,. (b) Calculated absorption spectra at differdiy. For the  ical model.
curves from the top to the bottonh,, are 1, 2, 4, 6, 8, 10, and 12 meV,
respectively.
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