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Huge density-dependent blueshift of indirect excitons in biased coupled quantum wells
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We measure a dynamical blueshift of the indirect exciton in GaAs-coupled quantum wells of over 20 meV
for carrier densities in the range ®010'2 cm 2. We show that this shift is a many-body effect, which is
proportional to the indirect exciton density over a broad range of densities, and it is accompanied by homo-
geneous broadening, which is proportional to the indirect exciton density.

A nonlinear Stark shift, in which the wavelength of an and the indirect excitons have lifetimes of about 100 ns at
optical resonance depends on the intensity of an input opticaligh applied field” The direct exciton luminescence line
beam, is of great interest because it can be used in variowfes not shift strongly with electric field; in these samples it
schemes of optical switching; if an input optical signal lies at 765 nm.
strongly changes the absorption of a medium then a second For these experiments, we immersed the sample in liquid
optical signal can be switched on and off in the optical anahelium & 2 K and excited it with a laser tuned to the direct
log of a transistor. This behavior, based on the ac Stark efexciton resonance, focused to a g spot on the sample
fect, has been demonstrated in GaAs single quantumells surface, and observed the indirect exciton luminescence with
and other systerds® and has been utilized in switching time resolution of 40 ps and spatial resolution of Af.
devices>’ A limitation of many versions of the ac Stark The laser pulse width was about 5 ps, with a spectral width
effect is that a strong light signal must be used to generate @n the order of 0.1 meV, and the repetition rate was 3.8
relatively small shift. By analogy with the electrical transis- MHz. Figures 1 and 2 show the spectral shift of the indirect
tor, what one would like is a device in which a weak input exciton luminescence line as a function of laser excitation
signal produces a large change in the output signal. intensity. The excitons in this case were trapped in a poten-

We report here a system in which the optical resonancgal minimum produced by inhomogeneous applied stress as
wavelength depends extremely sensitively on the intensity ofiescribed previously/*® but the stress produces only an
an input light beam. This occurs in conjunction with the dcoverall dc shift of the indirect exciton line and does not af-
Stark effect, also known as the quantum confined Stark effect the nonlinear blueshift. In Fig.(&, the indirect exciton
fect, in coupled GaAs quantum wells. The effect is a manijine appears to shift as logénsity, but this can be under-
festation of the many'bOdy renormalization of the eXCitonstood more eas”y as a linear shift at low density of 5
energy levels due to their interaction, an effect that has atx 1011 meV cn® which saturates to a linear shift of 1.5
tracted much theoretical interest over the yel@sg., Refs. %1071 meV cn? at high density, as seen in Fig(h2. The
8-11) low-density shift is almost 20 times larger than the shift re-

ported at an estimated density of'1@m™? for excitons in
single quantum well$® as seen in Fig. 1, the total shift of 25

I. THE SPECTRAL SHIFT WITH DENSITY meV is much larger than the typical linewidth of about 3
meV. The laser powers used here are extremely low. Mea-

Our samples consist of a single pair of 60-A GaAssureable spectral shifts were observed for average laser pow-
quantum wells separated by a 42-A,AGa, -As barrier, sur-  ers as low as one microwatt.
rounded by thick, pure AlAs barriers. The substrate is We do not have an independent measure of the electron-
heavily p doped and the capping layer is heauilgoped in  hole pair density, but the laser photon intensity provides an
order to allow electric field perpendicular to plane of theupper bound. Since the substrate luminescence in the range
guantum wells. An electric field causes electrons to tend t&800—810 nm is much stronger than the indirect exciton lu-
become confined in one well and holes to tend to becomeninescence, we know that most of the laser light is not ab-
confined in the other well; “indirect” excitons are formed sorbed by quantum wells. We estimate that the maximum
from a conduction electron in one well and a heavy hole inpair density for a given laser intensity is a few percent of the
the other well, while “direct” excitons are formed from an value for the excitation density given on the bottom axis of
electron and heavy hole in the same well. As reported else-ig. 2. This is because if the density were higher, Fermi state
where by several authors, indirect excitons in coupled quarfilling of the conduction electrons would lead to significant
tum wells have a strong dc Stark sHfi!* and long broadening of the luminescence line, while as seen in Fig. 1,
lifetime.2>® In our samples the indirect exciton line shifts the luminescence has broadening less than 3 meV, except at
about 70 meV(40 nm when the dc voltage across the very early times after the laser pulse, as discussed below.
sample is varied from 0 to 5 Vi.e., fields up to 60 kV/cy ~ When the excitation density exceeds *16m 2, free
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FIG. 1. Time-averaged luminescence spectra for various lasel= L o—o®—"" 1789
intensities, for a 60-42-60 A GaAs/pGa,, coupled quantum 1'570109 10" 10" 10" 10" 1o
well structure immersed in liquid helium and excited by a laser Maximum Excitation Density (cm'2)

tuned to the direct exciton resonance as described in the text. Thi
applied electric field was 61 kV/cm; in addition, applied stress _ 1.600
shifted the line 5 meV lower as discussed in Ref. 17. The labels ofg :
the curves are the average laser intensity in Wi/cm
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shift of the exciton ground state. The ac Stark effect studiedg 15758 ]

by several authors in the pagtg., Refs. 1 and 2, cf. Ref. 20 3 1.570 b e
is essentially a renormalization of the excitonic states duetc 0 110" 2 10" 3 10" 410"
the intense electric field of a laser tuned near the excitonic Maximum Excitation Density (cm™®)

resonance. As such, it ends when the laser field is gone. In o ) )
the present experiments, the Stark shift of the excitonic states FIG- 2. (@ The energy of the indirect exciton luminescence
persists long after the laser pulse, with a lifetime on the ordef@imum as a function of laser intensity, for same data shown in

of the exciton lifetime. There are two ways to envision a '

Fig. 1. (b) The same data plotted on a linear density scale. The shift
density-dependent shift in this case. One possibility is thaPf e line at low density is 5 meV/w cnf, or 5

Y : . .
free electrons and holes created by the laser screen out thelO meV cnf in terms of the peak excitation density.

perpendicular electric field or screen out the electron-hole

Coulomb interaction. A second possibility is that the energymust come from the excitons themselves.

shift is primarily a many-body effect of the exciton-exciton If the shift comes from the interactions of the excitons
interactions. Previous wotk® indicated that free carriers with each other, there are several different ways to envision
played an important role; in particular, in Ref. 17 it was how this comes about. One picture is that the screening of
shown that at high excitation intensity the direct excitonsthe excitons by each other reduces the binding energy of the
have shorter lifetime immediately after the laser pulse, whictexcitons?® In the present experiments, the shift of the line is
would imply that the electron-hole wave-function overlap much larger than the exciton binding energy, so this cannot
had increased, i.e., the electric field felt by the excitons wade the primary mechanism for the blueshift. Another picture
reduced by screening. Free carriers are a natural candidaitethat the excitons screen out the perpendicular electric field,
for causing this screening. In both of those studieS,the  which reduces the quantum confined Stark sHifanother
laser created carriers at energies well above the excitonigicture is that the long-range van der Waals attraction of the
ground state, and therefore a substantial population of freexcitons is screened out, leaving a greater overall repulsion
carriers could exist. In the present case, the laser is tuneaetween the excitons due to Pauli exclusibhast, one can
directly to the direct exciton state, so that no free carriers argiew the excitons as replusive point partiéfeand view the
created. This is confirmed by the fact that we see only twdlueshift as due to the mean-field interaction self-energy. In
luminescence lines from the quantum wells at all times, coreur opinion, these effects can not be considered separately,
responding to the direct and indirect excitons, with no extraand a proper theoretical treatment would start with the full
lines for free carrier recombination, which should appearelectron-hole Hamiltonian and include all Coulomb interac-
about 10 meV higher than the direct exciton line for in-tions.

trawell recombinatioft and about five meV higher than the ~ We have not yet studied the dependence of the effect on
indirect exciton linet>?2 At all but the very earliest times the excitation wavelength in detail, but it is clear from our
after the most intense laser pulses, the homogeneous broagkperiments so far that the blueshift is much weaker when
ening of the exciton lines is low enough that a free carrierthe excitation is tuned to wavelengths in the 600 nm range,
recombination line should be easily resolvable. If there aravith photon energy well above the direct exciton resonance.
no free carriers, then the screening and state renormalizatiofhis would seem to imply that the creation of free carriers



PRB 61 HUGE DENSITY-DEPENDENT BLUESHIFT €. .. 2781

. 500 0 3000 pr———T T T T T
: N g 1
1 598 (a) 414 2500 F
112 8 2 ook
< 1.596 | ] - S 2000 |
@ H ] 2 ) [
2 ! J10 % :
5 1.594 ] § g 1500 F
3 ! s = - F
5 1592 | 3 G 1000 F
S 1.590 f 1° g £ F
] F ] 2 £ 500F
T 1.588 f EI.-
[ _-zg 0....I....I. | I T
1.586 [ ] 3 1.580 1.585 1.590 1.595  1.600  1.605
1.584 L i = 0 g Photon Energy (eV)
0 80 100 <
FIG. 4. The indirect exciton luminescence spectrum at various
8 e delays after an intendd.5 nJ laser pulse; the same data as in Fig.
c .
1 586 3 3(a). The labels of the curves are the delay in nanoseconds after the
: S
6 § laser pulse.
S 1.584 ] > . o .
= 4 3 positions of these two cases do not coincide because there is
5 1.582 2 a small cw leakage component from our laser, which has
: 2 intensity proportional to the main pulse intensityhere are
g 1.580 g ibl hanisms for the ob d redshift d-
5 o & two possible mechanisms for the observed redshift at mo
2 1578 g erate density. First, in addition to the density-dependent
-2 € renormalization of the exciton states, there is a well-known
1.576 ] - redshift of the luminescence due to reduction of the GaAs
. '2'0 — '4'0 — lelo — '8'0 — '100- 4 2 band gap with increasing temperat@?eThe initial redshift
|_

of the luminescence in Fig(B) can be interpreted as arising
from the gap shift of the lattice, which relaxes quickly back
FIG. 3. (a) Squares: the energy of the indirect exciton lumines-to the bath temperature of 2 K. In the case of Fi@) 3this
cence maximum as a function of time following a shést ps, interpretation would imply that the initial blueshift should be
intense(1.5 nJ laser pulse tuned to the direct exciton resonancemuch larger, but is partially canceled by the redshift due to
(left-hand vertical axig for the same structure and experimental lattice heating, consistent with the saturation of the blueshift
conditions as in Fig. 1. Solid line: the total luminescence intensitydiscussed above. It is not surprising that the gap redshift and
at the same timegight-hand axis (b) The same asa) but for a  the mean-field blueshift depend differently on the laser
much weake(0.023 nJ laser pulse. power, because the band-gap redshift is approximately pro-
portional toT?,%6?” and the lattice temperature depends on
actuallyreducesthe Stark shift instead of enhancing it. This the total heat energy approximately adJ=CT?, i.e., AE
can be understood if one assumes that the free carriers pe-U2 |t is not clear how quickly the lattice temperature
marily act to screen out the interexciton interaction, which agelaxes back to the bath temperature in each case. In general,
discussed above is the primary cause of the blueshift and thie rate at which the local temperature of the excited region
homogeneous broadening. It may also be that the higher pheelaxes is slower when more total heat is deposited, due to
ton energy leads to greater lattice heating, with the consehe “phonon hot spot®-3C of elevated temperature, which

t (ns)

quent redshift of the band gap, as discussed below. can persist in a semiconductor up to hundreds of nanosec-
onds after an intense laser pulse.
Il TIME-RESOLVED RESULTS A second mechanism for the redshift and blueshift at dif-

ferent times may be the temperature dependence of the

If the blueshift is proportional to the exciton density as density-dependent exciton state renormalization itself. As
expected for a mean-field effect, then one would expect taliscussed in Ref. 8, the renormalization of the exciton states
see this in the time-resolved spectra as the density of thean lead to a blueshift or a redshift with density depending
excitons decays. Figurg@® shows the energy of the indirect on their temperature. This is in addition to the renormaliza-
exciton luminescence as a function of delay after an intensgon of the single-particle band gap.
laser pulsgsquares, left-hand axisPlotted on the same fig- The interpretation of the blueshift as a mean-field effect is
ure is the total luminescence intensitgolid curve, right- strengthened by examining the homogeneous broadening of
hand axi$, which is proportional to the indirect exciton den- the luminescence line. Figure 4 shows that for a high-
sity since the indirect exciton luminescence lifetime isintensity pulse there is also a large homogeneous broadening
constant after the first 2 ns. The blueshift of the indirectof the indirect luminescence, which decreases in time follow-
exciton line is clearly proportional to the indirect exciton ing the laser pulse. The full width at half maximum of the
density over a wide range of density. indirect exciton luminescence is plotted in Fig. 5 as a func-

The dynamics are more complicated than this figure mightion of the total luminescence intensity. When the contribu-
indicate, however. As seen in Fig(b3, for a much less in- tion of inhomogeneous broadening is removed, it is clearly
tense laser pulse, the spectrum can actually shift both to theeen that the homogeneous broadening is linearly dependent
red and to the blue at different timeJhe late-time energy on the total indirect exciton density.
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. ) , : There are three present limitations to using this effect in
FIG. 5. Open circles: the full width at half maximu@WHM) optical switching. First, the fact that the electron and hole

of the indirect exciton luminescence spectra shown in Fig. 4 as a . . . .
wave-function overlap is so low not only implies that the

function of the total indirect luminescence intensity at the same direct it tates h | lifetime: it also implies that
times. Solid circles: the homogeneous broadening deduced from gfdirect exciton states have long fiietime; it also implies tha

same data by taking _ JA7—AZ._— whereA is the the absorption of light by the indirect exciton resonance is
FWHM of the |umines&3ﬂ?;ge line anu';:‘:;‘;i is the inhomoge-  V&TY low. In order to increase the efficiency of switching

neous broadening, taken as the late-time valua 08.0 meV in schemes, multiple sets of couple(_d quantum wells can be
this case. used, or the system can be placed in a Fabry-Perot cavity, as

in, e.g., Ref. 32.

As seen in Fig. 1, at low densities, the blueshift is large, Second, because the spectral shift depends on the exciton
while the homogeneous broadening is much less than th@ensity, it persists to very late times, while many schemes of
inhomogeneous broadening. This is consistent with the reoptical switching require fast extinction. This is because we
sults of Ref. 19, which found a measureable blueshift bupave used above-gap excitation in these experiments. It is
negligible density-dependent homogeneous broadening. Thigerefore important in the future to perform a standard opti-
is not surprising because the mean-field shift is linear in th&al Stark shift experiment on this type of structure in which
interaction constant, while the homogeneous broadening, i.eff€ pump laser is tuned to a photon energy below the indirect
the imaginary self-energy, depends on the square of the ir£XCiton ground state, so that no real excitons are created. The
teraction constarit fact that the shift of the indirect exciton line comes from

Our interpretation of these data is therefore that at lowmany-body interactions of the excitons themselves, as shown
densities, the blueshift of the indirect exciton line is a many-here, is very significant, because this same interaction goes
body effect caused by the large dipole-dipole interaction ofnto the theory of virtual exciton&, which describes the op-
the indirect excitons, with negligible redshift due to lattice tical Stark effect in the case of below-gap excitation. Be-
heating, while at h|gher density, the average |uminescencﬁause the EXCItOH-eX_CI'[OI’l Intel’aCt_IOI’lS are -SO huge- in this Sys-
energy shifts much less strongly with exciton density at earlyfém, & standard optical Stark shift experiment with below-
times because the effect of lattice heating partially cancel§aP excitation is also likely to show large shifts.
the many-body blueshift. In the case of Figag the blue- Finally, immersion in liquid helium is a severe limitation
shift is proportional to the exciton density because the latticdor technological applications. In this regard, we note that the
temperature remains roughly constant over the first 50 nandffect reported here is a general one and does not depend on
seconds, while in the case of Figbg the lattice cools much particular features of GaAs. The_ polarization of t_he excitons
more quickly. Ieads.to a much stronger repulsion betwee_n excitons. Th.ere-

Because the center of the laser spot is more intense thdAre, if a coupled quantum well structure is created, which
the outside, the density-dependent Stark shift of the indirecllows the existence of excitons at room temperature, then
excitons also leads to spatial gradient in energy, i.e., a forcdhis effect should occur at room temperature as well. It is
Figure 6 shows an image taken with a time-gated charg#ell known that excitons in the semiconductor,Quexist at
coupled devic§CCD) camera on an imaging spectrometer, '00mM tgmperatur’é with a binding energy of 150 meV and
which shows the spectrum of the indirect excitons in the firs@n xciton-phonon dephasing time of approximately 150 fs,
50 ns after the laser pulse as a function of position for 2nd therefore it would be valuable to look for a quantum
relatively defocused laser spot. The spectrum is broader ifonfined Stark effect of excitons in g0 quantum wells.
the center because of the density-dependent homogeneous
broadening, and shifted to hlgher energy. ACKNOWLEDGMENTS
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