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Interwell excitons in GaAs superlattices
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The formation of spatially indirect excitons in superlattices with narrow minibands is theoretically and
experimentally investigated. We identify the experimental conditions for the observation of interwell excitons
and find a distinct excitonic state energetically located between ghexditon and the onset of the miniband
absorption. The interwell exciton is similar to the first Wannier-Stark localized exciton of an electrically biased
superlattice. However, in the present case the localization is mediated by the Coulomb interaction of the
electron and the hole without external fieliS0163-18286)00739-4

The excitonic properties of semiconductor superlatticestates and at a given symmetric/antisymmetric splitting trans-
have attracted considerable interest during the recent pagarms the system into the weak coupling regime.
The gradual transition of the electronic and optical proper- In this paper, we demonstrate theoretically and experi-
ties, from isolated quantum wells to those of a three-mentally that interwell excitons also can form in superlat-
dimensional solid for increasing miniband width, has beerfices without externally breaking the inversion symmetry.
studied earlier experimentally’ and theoretically:*° These ~ For superlattices with narrow minibands the Coulomb inter-
reports were focused on the observation of the predicte@ction of electrons anq holes in adjacent vyells is sufﬁugnt to
M, exciton associated with the upper miniband edge. Théocal[ze the supe.rlattl_ce state and _form mterwell excitons.
quality of the experimental data was recently dispdtédnd The interwell exciton is observeq directly in phot_olumlnes-
attempts were made using photocurrent and photoreflectan&?nce(PL) and absorpt|on.exper|ments.. We confirm 'Fhe 1
spectroscopy in addition to excitation spectroscopy. In thes -plane character of the interwell exciton by recording its

reports a feature associated with the lower miniband edg lamagnetic Sh.'ﬁ n photqlummes_cence exutaﬂ@?uLQ
srpectra for varying magnetic fields in the growth direction.

was resolved for some sample parameters but was not give The electronic coupling of states in a multiple quantum
any further _attentmn. L . . well structure forming a superlattice is characterized by a

_ By applying an electric field in the superlattice growth wininang width. A miniband is associated with both the con-
_d|rr-_3c_t|on, the electr(_)n and hole wave func_:tlons localize toy,,ction ) and the valencew) band states, and the com-
individual weI_Is. This Wannier-Stark Ié)callzatmn was 0b- pined miniband widthA=A.+A,, is the sum of the con-
served experimentally by Mendeat al.” and Voisin and  qgyction and the valence miniband widths. We have earlier
co-workerS leading to the experimental observations of argued® that a condition for the formation of interwell exci-
Bloch oscillations by beats in the four-wave mixing sighls tons is that the combined miniband width is smaller than the
and in the emission of electromagnetic radiation at the Bloclexciton binding energy of the isolated quantum weélfY),
frequency:' These phenomena are a consequence of the Spand the interwell Coulomb energ,, =% ed, wheree is
tially indirect nature of the first Wannier-Stark localized the dielectric constant, aris the superlattice period length,
state. i.e., that

Similar effects have been studied in coupled double quan-

tum wells. The resonant coupling of identical wells splits the A<Ew< EED. (1)
exciton of the isolated wells into a symmetric/antisymmetric
pair. Applying an electric field in the growth direction breaks For superlattices with narrow barriers both the interwell
the inversion symmetry of the structure and spatially indirectCoulomb energy and the combined miniband width is larger
interwell excitons form. For increasing fields the symmetric/than the exciton binding energy of the isolated quantum well.
antisymmetric splitting decreases and the double guanturor increasing barrier width the combined miniband width
well retains the properties of the single quantum well in thedecreases exponentially. However, the interwell Coulomb
limiting case'? Symmetric double quantum wells have also energy decreases asiland at some barrier width we find
recently been studied in the presence of a magneticfidtd. that Eq.(1) is satisfied.
was found that a magnetic field perpendicular to the plane of For superlattices with very narrow miniband widths one
the coupled quatum wells strongly modifies the excitonhas to realize that the oscillator strength of the interwell ex-
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citon is very small and the effect is negligible. For an experi-
mental observation, a superlattice sample has to be realized
that satisfies Eq(l) and have a miniband wide enough to
give the interwell exciton sufficiently oscillator strength to
be measured. We find that this criterion is met in a
GaAs/Aly Gay /As multiple gquantum well structure with
wells of 80 A and barriers of ® A . For these structural
parameters, we find th&2°~11.5 meV and that the inter-
well Coulomb energy is estimated t,,~8.5 meV. The
combined miniband width of the corresponding superlattice
is estimated, using a modified Kronig-Penney mddég be
2.6 meV.

For a calculation of the bound exciton states, we solve the
k-space version of the exciton effective mass equation:

hy, (2,2 )P

[ES(K) +En(k)IGn m(K))

+ 2 2 Vo (K KD G (K[ = E G (K,
n'.m’ K FIG. 1. Exciton envelope function for the interwell exciton in a
2 GaAs-Al :Ga, -As multiple quantum well with 80 A wells and 50
R A barriers.
whereG, (k) is the exciton relative motion envelope func-
tion, andn and m run over conduction and valence band gt of wo degenerate pairs of opposite symmetry re-
states, respectively. In the present calculation, we sum Ovesrtoring the total inversion symmetry of the structure
the number of wells and neglect higher excited subbands. A le struct b lecular b ' it
The Coulomb interaction term is given by sampie structure was grown by molecuiar béam epitaxy
on a semi-insulating GaAs substrate, and was composed of
o 2 20 wells of 80 A GaAs separated by 50 A barriers of
Vn?mmf(kn,k”'):»—e,J J’ fr(zo) fn(ze) e (2,) Al Gagy/As. Low-temperature PL experiments were per-

’ e kH_kll| formed in a continuous-flow He cryostat held at 4 K. The
luminescence was excited by the 632.8 nm line of a HeNe
laser and the signal was recorded using a photon counting
) system and a cooled GaAs-cathode-photomultiplier tube.
The PLE experiments were conducted in a He cryostat with
R superconducting solenoid for a variable magnetic field up
to 13 T, using a tunable cw Ti:sapphire laser as an excitation
source. In the PLE experiments a magnetic field parallel to
N . . . the superlattice direction was used. For transmission experi-
Unl(1),26,2,)= 2 20 G (K Fn(Ze)Ue(1) Fin(2Z,) U, (1), ments samples were lifted off the substrate and mounted on a

nm K 4) sapphire disk. The transmission spectra were recorded by an
optical multichannel analyzer using white light from a tung-

whereucvv(r*) are the periodic parts of the Bloch functions Sten halogen lamp.

for the conduction and valence bands, respectively. In the The PL and absorption spectra for the sample are shown
present calculation, the effects of band mixing are neglecteth Fig. 2. Heavy and light hole exciton absorption peaks are
and only heavy hole states are included. The presented dagasily identified in the absorption spectrum. In addition, a
are for a calculation including five wells. The solution of Eq. clear absorption peak 6.8 meV above the heavy hole exciton
(2) gives not only the ground state exciton but also the exdine is seen in the spectrum. A featurg() is seen in the PL
cited state excitons and their envelope functions. The fivelata coinciding with the peak seen in the absorption spec-
lowest lying solutions to Eq(2) are almost degenerate and trum at the high energy side of the main heavy hole exciton
correspond to the intrawell excitons of the isolated quantuntuminescence lineyy). Luminescence from the light hole
wells. We also find eigenvalues of E@) 7 meV above the exciton was only observed at higher temperature or at the
lowest lying states with substantial oscillator strengthhighest excitation densities. The shoulder on the low energy
(=10% of the intrawell excitons These states are ofsl side of theDyy line is due to excitons localized on impuri-
character, i.e., without nodes in the in-plane envelope functies and defects.

tion. The square of the exciton envelope function for such a The strength of the,, feature in both the absorption and
state is shown in Fig. 1, whelle),(z.,z,)|? represents the luminescence experiment indicate that the feature is not re-
probability of finding the electron &, and the hole at,, . It lated to the usual 2state of the exciton seen in isolated
is clear from the figure that the electron and the hole parts ofjuantum wells. Comparing the luminescence and absorption
the exciton are confined to different wells, i.e., we are dealdata also shows that tHe,, feature is not in thermal equi-
ing with interwell excitons. However, note that the solution librium with the 1s state of the heavy hole exciton gfiH)

X f(2,)exp( — K = K{[| 2.~ 2, dzdz, ,

where f,(z;) and f,(z,) are the conduction band and va-
lence band envelope functions, respectively. The excito
wave function is written as
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FIG. 2. Photoluminescence and absorption spectra of the sample
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as expected for thesHH state. In fact, we observe a much
higher population of theJ, state than expected from ther-
mal population from the 4HH exciton, indicating a slow
transfer of carriers between the two states. This is the ex-
pected behavior of interwell excitons since they can only
relax to the intrawell exciton state by a phonon assisted tun-
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For further confirmation that thisy feature is indeed the

FIG. 4. Exciton peak positions as a function of magnetic field.

interwell exciton, we have performed PLE measurements iy the exciton radius and inversely proportional with the ex-
magnetic fields. In the weak field limit, where the cyclotron gjton pinding energy. The radii of an exciton series in two
energy is much less than the exciton binding energy, thgimensions can be expressed as=ay(2n+1), where

diamagnetic shift of an exciton is proportional to the squarg,—g 1
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. is the exciton quantization numbBétence, the
ratio of the diamagnetic shifts of thesland the 2 excitons
equals 9. The interwell exciton has approximately half the
binding energy of the 4HH exciton and we would expect to
find a ratio of the interwell and sHH diamagnetic shifts
near 2.

Figure 3 shows PLE spectra from the sample for different
magnetic fields. The 9HH and 1sLH excitons show large
oscillator strengths and can easily be identified. With in-
creasing magnetic field they exhibit a diamagnetic shift,
which is larger for the heavy hole than for the light hole
exciton because of the larger binding energy of the light hole
exciton. In fact, we observe a near zero diamagnetic shift of
the 1sLH exciton, which we attribute to a stronger superlat-
tice effect on the light hole states. This is similar to the
observation by Butowet al®® where, in strongly coupled
quantum wells, the magnetic field transformed the system
into the weak coupling regime.

In addition to the ground state excitons, which transform
with increasing magnetic field into the lowest Landau levels
(N = 0), a large number of transitions is observed which can
be attributed to higher Landau levelsl¥ 1) originating
from excited excitonic states & = 0. Only excitons com-
posed of electrons and holes with the same Landau level
quantum numberN are optically active. In Fig. 3, the
2sHH, 3sHH, and 4HH magnetoexcitons can be clearly
identified. The 8HH state can be resolved even at small
magnetic fields around 1 T. For increasing magnetic field

FIG. 3. Photoluminescence excitation spectroscopy at differenthis magnetoexciton state crosses ttstH state, which is

magnetic fields.

allowed due to their different symmetry character. However,
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in the region of crossing of these states a redistribution of thepin splitting. We also observed peaks in the PLE data of
oscillator strengths is observed due to HH - LH mixitig. Fig. 3 which have been labeled,, in Fig. 4. This peak

The Iy state observed in the PL and absorption spectra ishows a diamagnetic shift, which is found to be 80
clearly resolved in the PLE spectra. This state demonstrates@eV/T2. Thel  peak extrapolates at zero magnetic field to
stronger diamagnetic shift than theHH exciton, and based the continuum edge of the light hole state and is therefore
on the magneto PLE data, we will now prove that thg  assigned to the light hole interwell exciton.
state is indeed the interwell exciton. The shifts of the differ- In summary, we have theoretically and experimentally
ent excitonic states with magnetic field are shown in Fig. 4shown the presence of a distinct excitonic state above ghe 1
By fitting a quadratic expression to the data in Fig. 4, we findexciton of a superlattice, which is spatially indirect in nature.
the diamagnetic shift of the sHH exciton to be 26.4 The state is similar to the interwell states of the Wannier-
weV/T2, in good agreement with earlier published valuesStark ladder. However, in the present case the Coulomb
(29 uweV/T? fora 75 A well.’® A larger diamagnetic shift of ~forces alone are responsible for the localization of the state in
45.3 ueV/T? is found for thel 44 exciton. The ratio of the the absence of an applied electric field. These results provide
diamagnetic shifts of thé,, and the BHH is thus 1.85, a fundamental insight into the optical properties of superlat-
clearly showing that thd, state is unrelated with the tices and are expected to be important in the interpretation of
2sHH exciton, and in full accord with the interwell exciton recent four-wave mixing experiments investigating Bloch os-
of the heavy hole. cillation from superlattices.

We determine the 2-1s splitting atB = 0 by extrapo-
lating the Z transition energies foB— 0 by eye. The exci-
ton binding energy can therefore be estimated by multiplying
this splitting by a factor of 9/8, which is valid for a ideal =~ We would like to thank C.B. Sensen for the sample
two-dimensional excitoh! Thus, we find a binding energy preparation and W. Langbein for many useful discussions.
of the 1sHH exciton of =9 meV. This value is slightly This work was supported by the Danish Natural Science Re-
smaller than what we find for an isolated 80 A quantum wellsearch Council, The Danish Research Academy, and the
(11.5 meV and is related to the superlattice effect. Further-Danish Center for Nanostructures — CNAST. V.B.T. ac-
more, we resolve a splitting of theseiH and XLH states  knowledges financial support for this work from the Alex-
into doublets. The splitting in energy of these doublets in-ander von Humboldt Foundation and the Russian Science
creases linearly witlB, and can therefore be attributed to Foundation.
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