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Biexciton states in semiconductor microcavities
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A planar semiconductor microcavity in the strong coupling regime has been studied by spectrally resolved
degenerate four wave mixing using femtosecond laser pulses. At high excitation densities, new spectral fea-
tures observed besides the cavity polaritons can be uniquely identified as of biexcitonic origin. We investigate
the dispersion of these features with cavity detuning. The observations are compared to several model descrip-
tions for the interaction of the biexciton with the cavity light field.
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Since the pioneering work of Weisbuet al! semicon- the interaction of the two exciton complex with the confined
ductor microcavities have attracted great interest. In particulight field in the cavity based either on weak or strong inter-
lar, the optical properties in the so-called strong couplingaction. The observations can best be described in a strong
regime have been investigated extensively in the last fevgoupling model. As origin for the strong interaction we en-
years>? In this regime the dipole coupling strength is large Visage a strong reabsorption of photons, arising from the
compared to the homogeneous linewidth of the exciton an#adiative decay of an electron-hole pair in a biexciton, by the
photon. In this case excitons and cavity photons form a paiPackground of excitons. The coupling strength thus depends
of new, coupled eigenmodes, so-called cavity polaritons, tha@n the number of electron-hole pairs in the cavity.
exhibit a pronounced anticrossing behavifiRecently, the We have investigated a microcavity sample containing a
nonlinear optical properties of these quasiparticles have be&ingle 7 nm wide InGa —,As (x=0.14) quantum wellQW)
come a very active field of theoretical and experimentalat the antinode of a GaAs cavity. The togbottom mirror
research® consists of 21(23) pairs of distributed Bragg reflectors with

Less attention has been paid to nonlinear effects related t@ reflectivity of 99.5%. The cavity length and thus the detun-
the formation of biexcitons. Previously, these biexcitonicing A=E.—E, between the cavity modg. and the heavy-
nonlinearities have been invoked in the interpretation of cohole exciton modé, could be varied by changing the posi-
herent effects in microcaviti¢d.More recently it has been tion of the laser spot on the sample. At resonanke Q) the
demonstrated that biexcitonic effects enhance the Rabi splitransmission spectrum shows a Rabi splitting of 3.8 meV and
ting between the two polariton branchég hese findings are  a linewidth of 1.0 meV and 1.2 meV for the uppé&sPB)
in agreement with theoretical calculatioffsRecently, a and lower(LPB) polariton branch, respectively. From the
clear observation of biexcitons in microcavities has beeriterature we estimate a biexciton binding energy \4fix
reported® However, no systematic results for the dispersion~2.2 meV for the QW embedded in the caviy*®
of the biexcitonic mode as function of the energy separation Spectrally resolved, time-integrated FWM experiments
between the exciton and the optical mode had been givewere performed in the two-pulse self-diffracting transmission
there. The formation of biexcitons and bipolaritons in micro-geometry® using a femtosecond mode-locked Ti:sapphire la-
cavity structures has been discussed theoreti¢affyit was  ser. In this configuration two short pulses having wave vec-
concluded that bipolaritons are not sufficiently stable in thetorsk; andk, are focused onto the same spot on the sample.
limiting cases where the bare biexciton binding energy isThe two pulse trains hit the sample symmetrically under an
either significantly larger or smaller than the Rabi splittingangle of 3° relative to the cavity normal. For such small
and only biexcitons formed by dark excitons are of physicalangles effects due to the angular dispersion of the polariton
relevance. These predictions are in good agreement with exaodes can be neglected. The FWM signal emitted in the
perimental pump-and-probe studies on a microcavity, wheréirection X,-k; is spectrally resolved by a monochromator
the Rabi splitting is considerably larger than the biexcitonand detected by a liquid-nitrogen-cooled charge-coupled de-
binding energy'® vice camera as a function of photon enef§yand of the

In this paper we address the point at issue where the biexdelay = between the two pulses. The laser pulses had a du-
citon binding energy Vpix~2.2 meV) is comparable to the ration of ~80 fs corresponding to a spectral width of
exciton-photon coupling{2=3.8 meV). The results have ~30 meV[full width at half maximum(FWHM)]. The spec-
been obtained in spectrally resolved four-wave-mixingtral resolution of the system is-0.1 meV and the experi-
(FWM) studies. As FWM allows the separation of excitonic ments were performed at=2 K. The intensity of the excit-
and biexcitonic contributions due to their different polariza-ing pulses corresponds to a polariton density in the
tion selection rules, this technique is well suited to studymicrocavity of ~10" cm 2 as estimated from reflection
biexcitonic effects in semiconductor quantum structures. Theneasurements. In this range the FWM signal is to a good
observation of additional modes in the FWM spectrum and approximation proportional to the third power of the laser
characteristic beat frequency of the signal can be clearly aintensity.
tributed to the coherent superposition of two-particle states. Figure 1a) shows a contour plot of the FWM signal close
The experimental results are compared to several models foo the cavity resonanceA(=0.8 meV) as a function of de-
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FIG. 1. Logarithmic contour plots of the
FWM signal for cross-polarized excitation and a
cavity detuning oA =0.8 meV[(a)—(c)]. The ar-
rows in (@) mark the beat period of the FWM
signal at the spectral feature Bt~1.4085 eV.
(b) and(c) are closeups ofa) as indicated. Ir{b)
the LPB signal has been subtracted for clarit).
shows the FWM signal above the UPB for a de-
tuning A=2.0 meV.

tection energy and delay between the pulses. The excitingWM, since both polariton branches are excited simulta-

pulses were cross-linearly polarizédlL), i.e., they had lin-

neously by the laser pulses. Nondegenerate FWM leads to a

ear but orthogonal polarizations. The dominant features armode with energy Bypg—E pg. The calculated detuning
the signals from the UPB at1.414 eV and from the LPB at dependence of this non-degenerate FWM signal is in good
~1.410 eV. The oscillations superimposed on the decay ofgreement with the experimental désee Fig. 3.

the signal are due to quantum beats caused by the coherentTo investigate the origin of the additional peaks in the
superposition of the two staté¥The beat period of about 1 FWM signal we varied the polarization of the exciting
ps corresponds to the splitting of the two modes in the spegulses. Figure 2 shows the FWM spectrum taken at a delay
tral domain of~4 meV. Below the LPB an additional spec- of 1.5 ps for collinear and cocircular excitation. The low-
tral feature can be seen at an energy slightly below 1.40@nergy peak disappears for excitation with cocircularly po-
eV 2! This signal oscillates with a frequency different from larized beams. In this configuration biexcitonic FWM signals
the polariton beat frequency, as indicated by the arrows. Thare suppressed, since the biexciton as a spin singlet state can
additional mode is shown more clearly on a small energye excited only in the presence of bath ando _ polarized
scale in Fig. 1b), where we have subtracted the LPB signallight. We therefore attribute this additional emission to biex-

so that the feature is resolved as a separate peak. Its beat
period of AT~1.15 ps corresponds to an energy separation
of AE~3.6 meV. A weak spectral line corresponding to this
energy separation is tentatively identified below the UPB at
E~1.4123 eV. As can be seen from the enlarged plot in Fig.
1(c). This line displays the same beat frequency as the low-
energy feature. The occurrence of an extra mode between the
polariton branches agrees with the theoretical calculations of
Siehet al!?

Additionally, we also observe a FWM signal on the high-
energy side approximately 4 meV above the URBe Fig.
1(d)]. However, this signal is only visible for larger positive
detuning A~2 meV). The appearance of the spectral fea-
ture may be explained by effects due to nondegenerate
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FIG. 2. FWM spectra for cross-linearly polariz&dL, full line)
and co-circularly polarize€CO, dotted ling excitation at a delay of
7=1.5 ps and a cavity detuning af=0.6 meV.

FIG. 3. Energies of the modes observed in the FWM spectra
versus cavity detuningtop scal¢ and sample positior{bottom
scalg. The symbols correspond to the experimental data, where the
open symbols describe the lower and upper polariton branches and
the full symbols represent transitions to hybridized two-particle
states. The solid lines represent the fitted dispersion of the upper
and lower polariton branch. The dotted lines display the transition
energies obtained from biexciton-polariton transitions. The upper
shaded region marks the energy range of uncoupled excitons. The
lower shaded range indicates the exciton-biexciton transitions. The
dashed curve represents the dispersion of the non-degenerate FWM
signal.
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citonic contributions and the beating of this signal to the detuning (meV)
coherent superposition with an additional two-particle state. 2 1 0 1 2 3
The different oscillation periods of this feature as compared
to the polaritons facilitate the spectral resolution of the biex-
citon: At 7=1.5 ps the contribution of the LPB to the FWM
signal is minimal, while the contribution of the mode on its 1.414 1
low-energy side reaches a maximum.

The spectral positions of the various modes observed in
the FWM signal are shown in Fig. 3 as a function of the > 14124
detuningA. For the upper and lower polariton bran@pen
symbolg we observe the well-known anticrossing behavior:
At positive detuning the LPB becomes excitonlike with a
constant energy, while the UPB becomes photonic with 1.4104
strong dispersion. At negative detuning the two branches ex-
change their character. The mode splitting at zero detuning is ~
in good agreement with the Rabi splitting measured in low- 1.408
density transmission experiments. This indicates that the ex- : i i :
periments are performed well within the strong coupling re- 0.0 0.4 0.8 1.2
gime. The biexcitonic mode below the LRBiangles in Fig. sample position (mm)

3) shows only weak dispersion and the energy splitting from g1 4. Experimental data as discussed in the captions of Fig. 3.

the LPB seems to decrease for negative detunings. The mog@e dotted lines are calculated results obtained by the bipolaritonic
below the UPB(squareswhich is also involved in the beat- approach.

ing shifts strongly to lower energies as the detuning de-

creases. .
We will now present several models by which the addi_GaAs-based guantum wells. This mode matches well the

tional spectral features in the FWM spectra could be exSPectral feature observed on the low-energy side of the LPB.
plained. In theses approaches the extra modes are described®nly for negative detunings we observe a small discrep-
by transitions from two- onto one-particle states. ancy between the calculated energy and the experimental
(1) An obvious model treats transitions from the biexcitondata. This might be explained by filtering effects of the cav-
state onto the polariton branches: Any binding of two exci-ity due to the spectral variation of the cavity transmission:
tons, even if very weak, would involve wave numbers thatFor negative detunings the spectral position of the LPB shifts
extend significantly beyond the region in which strong cou-to lower energies and therefore the transmission maximum
pling occurs, which for the studied cavitykg<10° m~1.1®  of the cavity is shifted to the red. This shift can also effect
If the spatial extension of the biexciton wave function isthe position of the spectral feature on the low-energy side of
estimated to be comparable to the exciton Bohr radius, onthe LPB and lead to the observed redshift. However, the
can estimate that in reciprocal space wave numbers at leagiodel cannot explain the spectral feature between the two
one order of magnitude larger thdg are involved in the polariton branches. Although its shift with detuning might
binding. Therefore the interaction of the biexciton with the glso be related to a filter effect, its energy difference to the
cavity light field should be weak. The energies of these tranpjexciton state is too large to be related to a coherent super-
sitions as function of the cavity detuning are diagrammed by,osition of the biexciton with the state of two unbound ex-
the dotted lines in Fig. 3. Obviously these modes are not ijions.
agreement \{vith_the e'xperimental findings. Note that the (3) We present here an additional approach, which allows
dashed line in Fig. 3 gives the energy of the nondegeneraig, describing the observations in a satisfactory way. In this

FV\{;/I) 2gnal cal;:]u[{a;c)e?tfrom the polatr_ltonter:ﬁrg:jest. b model we assume that the transition from a one- to a two-
somewhat better approximation fo the data can article state shows a strong interaction with the confined

achieved by relating the observed two-particle states to trar- , L L . ) .
sitions from excitons localized in QW potential ﬂuctuations.Ight field. A vivid picture for this interaction might be given

to biexcitons. In contrast to free excitons, such excitons ar the following way. L?t us assume a rathgr high density of
pinned in real space and consequently their wave functionglectron'hoIe pairs, as in the_ prese.nt experlments. One of the
are spread out in momentum space. This leads to a Weatwo.el_ectron—hole pairs forming a b|e>.<C|ton m!ght then deqay
interaction between the cavity mode and the localized state&adiatively. Due to the elevated carrier density the resulting
due to the small overlap of their wave functions. These stateBNoton forms again a biexciton when being reabsorbed. The
are distributed over a certain energy range corresponding t&frength of this interaction process naturally depends on the
the inhomogeneous broadening of the exciton. The uppegtumber of electron-hole pairs available. The coupled
shaded region in Fig. 3 indicates the spectral range of théxciton-photon system can be described in the following
localized excitonic states. The lower shaded region repreway.

sents the possible transition energies between the uncoupled For the one-particle excitations we apply the standard
biexciton and the localized excitons assuming an averageoupled oscillator model leading to a X2 matrix
biexciton binding energy of 2.2 meV, which is typical for Hamiltonian?

V)

energy (

LPB

165311-3



T. BAARS, G. DASBACH, M. BAYER, AND A. FORCHEL PHYSICAL REVIEW B63 165311

photon energies that will be used as input parameters for
model presented in the following.

Q2 ws(A)
Here# () is the vacuum Rabi splitting, which is a measure of The two-particl_e eX(_:itationg are described _in a co_upled
four-level model, in which excitations of opposite and iden-

the strength of the fight-mater interaction, which oceurs be-tical spin orientation have to be distinguished. We are inter-
tween excitations of the same spin onlfwc(A) and P 9 '

hov(A) are the eigenenerdi f th vity mode and th ested he_re only in boun_d complexe_s; therefo_re two—particle
“’Z(( ) are the eigenenergies of the cavity mode a States with the same circular polarization will not be dis-
e_xcnonlc modg. The hybridized exc_|ton-p_hoton s_tat_es A%ussed here. In the anticircular case, the uncoupled eigen-
given by the eigenvalues of the matrix. This description fors_tates are the two-photon, two states consisting of a photon
polaritons has been demonstrated to be an excellent approxiq an exciton states of opposite polarizations and the two-
mation for particle densities well below thg Mott density for exciton state, which is the biexciton. Their energies form the
the transition to an electron-hole plasff&’ In microcavi-  giagonal elements of the matrix representation. To obtain the
ties the transition to the high-density regime is characterizedoupled “bipolaritonic” states we have to take into account
by breaking of the strong coupling between excitons andhe interaction between those two-particle states.

photons, leading to a decrease in the polaritonic normal Here we consider only the interaction processes in which
mode splitting. The present experiments obviously were perene of the two excitations is converted, while we set the
formed in a density regime where the polaritonic couplinginteraction matrix elements for the two-particle conversions
remains unbroken, giving justification for this treatment. Theto zero. These processes should have a rather small probabil-
experimental data for the polariton brancliepen symbols ity. This leads to the following effective>4 matrix Hamil-

in Fig. 3 have been fitted by the solutions &f;. From the  tonian:

wx(A) Q2 ) fit (solid line in Fig. 3 we obtain the uncoupled exciton and
l_ .

wy +oy—Vgixlh  Q'I2 Q'r2 0
Q12 ¢+ oy 0 Q12
H, =h P
Q' 0 wxt+toc Q12
0 Q' Q' 0t +wc

Here 4}’ is the interaction matrix element. From the ex- tation, on the other hand, the strong coupling regime breaks
pression for the square of the vacuum Rabi splitting,  down. It remains a future task to perform this test, for ex-
which is proportional to the number of elementary cells inample, by studying samples with a larger exciton binding
the quantum well, we expect thaf)' is proportional to the ~€nergy and Rabi-splitting, respectively. _
square root of the exciton density. By diagonalizifg ~ In conclusion we have identified two-particle states in an

the energies of the coupled two-particle complexes are ofGa&-AS/GaAs microcavity that exhibit biexcitonic sig-
natures. Several models are presented for describing the de-

tained, from which we determine the energies of the transi- d f th feat th itv detuning. An int
tions onto the polaritons. For these calculations the pararﬁ:—)en ence ot these 1eatures on the cavity detuning. An inter-
retation in terms of biexciton-polariton transitions does not

eters obtained above together Wi.th a_ biexciton bi_ndin atch with the experimental findings. Also, a biexciton-
energyViix=2.2 meV are taken as Input parametads. is localized exciton model does not give satifactory agreement.
determined from a fit to thg experimental data}. The additional modes can be understood, however, in the
_ The calculated energy differences as function of the cavgamework of a bipolariton formalism. A more detailed the-
ity detuning are shown by the dotted lines in Fig. 4. From the, gtica description for biexcitons in microcavities similar to
eight possible transitions only four have energies in the rangg,ose established for quantum w&lisemains to be devel-

of interest. For{)’ 3.5 meV we obtain good agreement oo in the future but is beyond the scope of the present
between experiment and model for the present exutaﬂorbaper_

density. A sensitive test for this model would be the depen-

dence of the interaction strengflY on the excitation power. This work has been supported financially by the Deutsche
However, in the present experiments such a test was nétorschungsgemeinschaft and the State of Bavaria. We grate-
possible. If we reduce the excitation power the signal fromfully acknowledge enlightening discussions with P. Hawry-
the biexcitonic contributions becomes too weak to be refak. We thank F. Schar and J. P. Reithmaier for the growth
solved as function of the detuning. If we increase the exci-of the microcavity sample.

165311-4



BIEXCITON STATES IN SEMICONDUCTOR MICROCAVITIES PHYSICAL REVIEW B3 165311

1C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phys. Chemla, Phys. Rev. Let84, 2215(2000.

Rev. Lett.69, 3314(1992. 14v.M. Agranovich, G.C. La Rocca, and F. Bassani, Phys. Status
2For a recent review see, e.g., M.S. Skolnick, T.A. Fisher, and Solidi A 164, 39 (1997).
D.M. Whittaker, Semicond. Sci. Techndl3, 645(1998. 15G.C. La Rocca, F. Bassani, and V.M. Agranovich, J. Opt. Soc.

3See, e.g.Confined Electrons and Photons, New Physics and Ap- Am. B 15, 652(1998.
plications Vol. 340 of NATO Advanced Study Institute Series 16p_ Borri, W. Langbein, U. Woggon, J.R. Jensen, and J.M. Hvam,

B: Physics, edited by E. Burstein and C. Weisbutenum, Phys. Rev. B62, R7763(2000.

New York, 1995. 17T, Baars, W. Braun, M. Bayer, and A. Forchel, Phys. Re\c&B
4R. Houdre C. Weisbuch, R.P. Stanley, U. Oesterle, P. Pellandini, R1750(1998.

and M. llegems, Phys. Rev. Left3, 2043(1994). 18p_Borri, W. Langbein, J.M. Hvam, and F. Martelli, Phys. Rev. B

SP.G. Sawvidis, J.J. Baumberg, R.M. Stevenson, M.S. Skolnick, 60, 4505(1999.
D.M. Whittaker, and J.S. Roberts, Phys. Rev. L&4, 1547 1°See, e.g., J. Shahlltrafast Spectroscopy of Semiconsuctors and

(2000. Semiconductor NanostructuréSpringer-Verlag, Berlin, 1996
5R. Houdre C. Weisbuch, R.P. Stanley, U. Oesterle, and M. II- 204, Wang, J. Shah, T.C. Damen, W.Y. Jan, J.E. Cunningham, M.
egems, Phys. Rev. Le®5, 2793(2000. Hong, and J.P. Mannaerts, Phys. RevoB 14 713(1995.
’G. Dasbach, T. Baars, M. Bayer, A. Larionov, and A. Forchel,?*Note that this low-energy feature cannot be related to charged
Phys. Rev. B62, 13 076(2000. excitons. First, the feature disappears for weak excitation pow-
8Le Si Danget al, Phys. Rev. Lett81, 3920(1999. ers. Second, the polarization selection rules for the FWM signal
9p. Senellart and J. Bloch, Phys. Rev. L&2, 1233(1999. from trions[H.P. Wagner, H.-P. Tranitz, and R. Schuster, Phys.
00, Kuwata-Gonokamiet al, Phys. Rev. Lett79, 1341 (1997): Rev. B60, 15 542(1999] are different from those demonstrated
M. Shiraneet al, Phys. Rev. B8, 7978(1998. in Fig. 2.
1%, Fan, H. Wang, H.Q. Hou, and B.E. Hammons, Phys. Rev. B%°E. Hanamura and H. Haug, Phys. Rep., Phys. LetB3C209
57, R9451(1998. (2977.
2¢C. sieh, T. Meier, A. Knorr, F. Jahnke, P. Thomas, and S.W.2°F. Tassone and Y. Yamamoto, Phys. Re\6® 10 830(1999.
Koch, Eur. Phys. J. &1, 407 (1999. gee, e.g., A.L. lvanov, H. Haug, and L.V. Keldysh, Phys. Rep.

13y, Neukirch, S.R. Bolton, N.A. Fromer, L.J. Sham, and D.S. 296, 237(1998.

165311-5



