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The application of an external eleciric field 10 GaAs/Ga, _ Al As quantum wells has allowed us to
resolve the 2p excited state of the heavy-hole exciton. A sharing of the oscillator strength between
this excited state and the ground state of the light-hole exciton, together with an anticrossing behay-
1or, has been abserved in low-temperature photolumingscence cxcitation spectra. A rare steucture for
well thickness = 120 A, in the energy range of the forbidden exciton associated with the first conduc-
tion subband and the second heavy-hole subband, has been attributed to valence-band mixing be-
tween the first light-hole and the second heavy-hole subbands.

1. Introduction

The use of high-resolution spectroscopic techniques has led to a deeper under-
standing of many different physical phenomena, and to a refinement of the modeis
which describe them [1]. The optical spectra of GaAs/Ga, _ ,Al As quantum wells
(QWs) are characterized by sharp excitonic structure [2]. The first observation of
excited states in these spectra was reported by Miller et al. [3]. A direct measure-
ment of the heavy- and light-hole excitonic term value B,,— B,,, where By, rep-
resents the two-dimensional exciton 1s (2s) binding energy, was obtained and a
determination of the binding energies was performed [ 3]. Magneto-optical studies
offer an alternative way to obtain this information from the difference in the mag-
netic field dependence of the ground and excited states of the excitons [4]. More
recently, Dawson et al. [ 5] have observed, as a consequence of the improvement
in sample quality, better-resolved excited-state peaks in photoluminescence exci-
tation (PLE) spectra.

Here, we review some of the effects of an electric field on the excitonic fine struc-
ture of the optical spectra of GaAs/Ga, _ Al As QWs, measured by PLE and pho-
tocurrent (PC) spectroscopies. In the first part of the paper coupling between the
ground state of the light-hele exciton (£,) and the excited states (h{™, where x
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stands for excited) of the heavy-hole exciton (h,) will be discussed. As a result of
this interaction hi® is resolved for the first time. In the second part of the paper we
shall deal with forbidden excitonic transitions, namely the b, exciton (associated
with the first conduction- and the second heavy-hole valence-subband), and their
dependence on the applied electric field.

2. Experimental details

The samples used in our study have been grown by molecular beam epitaxy on
(100)-oriented n*-GaAs substrates [6,7]. One or several GaAs QWs were grown
on a n*-GaAs buffer, followed by a GaggsAlg 35As layer. The wells, separated by
~250 A thick barriers, were capped by 800 A Gag ¢sAlg 15As and 1.5 gm p*-GaAs
to result in a p*—i— n* configuration. The magnitude of the electric field, perpen-
dicular to the layers, was estimated from growth parameters and from the bias
corresponding to flat band condition, and it is believed to be accurate within 10%
[8]. Flat band corresponds to a certain positive bias ( ~1.7-1.75 V) and a de-
crease of the exiernal voltage implies an increase in the eleciric field.

Excitation spectra were recorded at 4,8 K with a resolution of 0.2 meV. The
samples were excited with an LD700 dye, pumped by a Kr™ laser, with power
densities below 0.5 W/cm?, while a double spectrometer was set at the heavy-hole
emission wavelength, which increases with increasing field. Photocurrent mea-
surements were performed illuminating the sample with the light of a tungsten
lamp dispersed from a grating spectrometer. The light-induced PC was detccted
using standard lock-in techniques [9]. A specially designed sample, where the
thickness of the alloy layers and the number of QWs were chosen to form a leaky
waveguide structure [ 10], was used for polarization-dependent PC measorements

[6].

3. Fine structure of the heavy-hole exciton

Fig. 1 shows a low-field PLE spectrum of a sample with 160 A thick QWs. Also
shown in the figure is the heavy-hole photoluminescence (PL). The exceptional
quality of the sample is reflecied in the sharpness of the peaks in the spectrum,
which have a full width at half maximum of 0.5 meV. Based on the agreement with
previously published experimental [3,5] and theoretical [3,5,11,12] data, and with
recent PLE experiments in the presence of a magnetic field [13], we assign the
shaded structures 1o the excited states of the heavy- and light-hole excitons, h{**’
and £{%*', respectively. Calculations of the oscillator strength give a ratio of the
excited to the ground states of 0.11 [12,14] and 0.078 [15], in excellent agreement
with the experimental value of 0.07 £0.01. The peak labelled h,, is a forbidden
exciton associated with the n=2 heavy-hole and #=1 conduction subbands [6]
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Fig. |. Low-ficld excitation spectra af a p*-i— n* structure with 160 A wide wells. The shaded struc-

tures hi™! and /™, correspond to cxcited states of the heavy- and light-hole excitons, respectively.

The photoluminescence (PL) spectrum of the heavy-hole exciton (h,) is also shown. The arrow
indicates the detection energy for the PLE spectrum.

and will be discussed later. The small electric field has already shified the strue-
tures by ~ 0.1 meV and it is responsible for the appearance of b ,.

We shall now concentrate on the effects of the electric field on the ¢, and the
h{*>) excitons, PLE spectra for different electric fields are shown in fig. 2. At flat
band condition, h{*’ is 1.5 meV higher than £, and the ratio of their oscillator
strengths is ~ 1/4. With increasing field, h{?** shifts more than €,, because of its
heavy-hole character; their relative encrgy separation decreases, and their intensi-
ties become comparable.

Fig. 3 shows a more detailed spectrum of h{®*', As a consequence of the
h{#*'-g, interaction, fine structure is resolved in the excited states of the heavy-
hole exciton. A shoulder, which is already hinied at zero field at the low energy-
side of the structure, becomes comparable with the original peak at 5.7 kV/cm, and
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Fig. 2. Excitation spectra, recorded at the h, cxciton, for several electric ficlds in the spectral range of
the light-hole exciton (€;} and the excited states of the heavy-hole exciton {hi®™'}.

it is the dominant feature at higher fields. We have attributed the high- (low-)en-
ergy component of the doublet to the 2s (2p) stale of the h, exciton [7]. This
assignment, which was based on the agreement of the experimental splitting be-
tween the h{?’ and h{"' states { ~0.45 meV) and the results of calculations of
their binding energies [11], has been confirmed in recent calculations by Bauer
and Ando [15]. These calculations also show that the interaction between the {,
exciton and h{*?’ becomes important at higher ficlds. Although we are not ablc to
resolve h{*?’, a shoulder in the low-energy side of £, (see, for example, the spee-
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Fig. 3. Excitalion spectra of the excited states of the heavy-hole exciton {hi*' and h{***) for different
fields where fine structure is resolved. The lines are only a visual aid to follow the structures.

trum at 14.9 kV/cm in fig. 2) and its larger broadening with increasing field, com-
pared to that of h{®’, could be an indication of the presence of h{*!in the spectra.

Fig. 4, where the energies of h{**’ and ¢, are plotted as a function of field, shows
clearly the coupling between these excitons, that manifest itself as an anticrossing.
The dashed and solid lines represent calculations of the Stark shifts of uncoupled
heavy- and light-hele excitons, respectively [ 7,8]. As seen in the figure the excitons
follow closely the theory outside of the range of strong coupling. The calculation of
ref. [15], where hole-band hybridization and 1s, 2s, 2p and 3d excitons are in-
cluded, reproduce also the data in the whole field region. The inset in the figure
depicts the integrated intensity of h{?*?, normalized to that of ,, as a function of
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Fig. 4. Stark shifts of the light-hole exciton { open circles) and excited states of the heavy-hole exciton

{open triangles). In the region of strong coupling the data are shown as solid dots. The lincs corre-

spond to calculations in the envelope-function approximation, neglecting changes in binding energy

and coupling between cxcitons. The inset depicts the integrated intensity of hi*™', normalized to that
of ¢,. as a function of field.

field. A pronounced peak is observed at ficlds where their relative energy separa-
tion is minimum. This separation, which amounts to 0.7+ 0.2 meV, indicates an
cnhancement in the coupling between these excitons of ~2 with respect 1o bulk
GaAs [16].

4. Forbidden excitonic transitions

Fig. 5 shows several PLE spectra, from zero field up to 14 kV/cm, including the
region of the first forbidden (Ar#0) exciton, h,.. The obscrvation of h,, in the
optical spectra of GaAs/Ga, _ Al,As quantum wells has been attributed to valence-
band mixing effects [17]. However, the presence of a small electric field causcs a
lifting of the inversion symmetry in the QWs and this transition becomes allowed
(sce the disappearance of h,; in the figure as the field is reduced). Therefore, this
mechanism needs to be considered in interpreting the presence of h;» in the spectra.
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Fig. 5. Exciiation spectra for several electric fields showing the disappearance of the forbidden (An#0)
cxciton. h,. as the electric field is reduced. Notice that even at very small, but Ninite, electric fields
this structure is present in the spectra.

When the energy range of the spectra is increased 1owards the high-energy side,
a striking effect is observed. Fig. 6 shows PLE (solid lines} and PC {dashed lines)
spectra for several electric fields {note the good agreement between the two tech-
niques in the spectra at 25 kV/cm). According to envelope function calculations
{ 18], the exciton corresponding to the n=1 conduction subband and n=2 heavy-
hole subband (h,,) and only this exciton, should appear in the energy range where
the two excitons, labelled h,,, and h,,,, are observed. For fields larger than ~ 50
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Fig. 6. Photocurrent {dashed) and PLE (solid) spcctra as a function of electric field. The heavy-hole
exciton {h, ) is not shown in the PLE spectra. h;, and h, -, are excitons arising from mixing between
the =1 light-hole and the =2 heavy-hole subbands.

kV/cm, h, ., dominates h,,,, and its Stark shifi agrees with the results of the calcu-
lations for h,; [19], indicating that this is the “true™ h,, exciton. The fact that the
excited states of the light-hole exciton, 2{**’, run in between the two transitions
[19], suggests a possible contribution of light-hole mixing to the observation of
the extra peak. Furthermore, this would explain the absence of extra peaks for well
widths narrower than ~ 120 A, since, as the well width is decreased, the subbands
separate, and the mixing is reduced.

Polarization and uniaxial-stress dependent PC measurements have helped 10 es-
tablish the heavy-light mixed character of h,., and h,,, {6]. For fields where the
two excitons are comparable, the polarization dependent results show that both
structures have oscillator strengths arising primarily from the second heavy-hole
subband, while the uniaxial-stress measurements establish the light-hole character
of h,,, [6]. The apparently contradictory conclusions obtained from the two mea-
surements can be understood by realizing that the uniaxial-stress measurements
provide information of the entire wavefunction, while the polarization dependent
measurements involve only the part of the wavefunction which contributes to the
absorption. Based on the predicted mixing, for well widths in the range of our stud-
ies, between the n=1 light-hole and the =2 heavy-hole subbands [20] and on
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recent results by Chan [21], we have attributed the presence of the two peaks to
an interaction between £{**’ and the ground state of h, .
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