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Observation of a Magnetic-Field-Induced Transition in the Behavior
of Extremely Shallow Quantum Well Excitons
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Using magnetoabsorption and electroabsorption techniques, we study excitons with binding energy
comparable to the depth of GaA&lGaAs quantum wells. In-plane magnetic fields decrease the exciton
linewidth considerably. Without magnetic fields, electroabsorption reveals 3D-like exciton behavior.
This broadening persists with magnetic fields along the growth direction, but changes to a redshift for
in-plane magnetic fields, reminiscent of 2D-like excitons. We discuss how in-plane magnetic fields
change the nature of the exciton by inducing a two-body velocity-dependent interaction.

PACS numbers: 71.35.Ji, 78.66.Fd

A new confinement regime arises when the depth of aric field E, applied along the growth directionE, ion-
quantum well (QW) becomes smaller than or comparablées the relative motion bound state of a 3D-like exciton.
to the exciton Coulomb binding energy [1,2]. A number This broadens and blueshifts the exciton absorption, which
of systems, including small band offset II-VI [3] and 1lI-V is referred to as the Franz-Keldysh effect (FKE) [9]. For
[1,2] semiconductor wells and wires, lie in this relatively 2D-like excitons, thee and z areindependently confined
unexplored intermediate regime between 3D- and 2D-likdoy the QW potential, which inhibits the ionization. This
exciton behavior [1,4]. Inthe 3D limit, the electra#)@nd is manifested experimentally byradshiftin the exciton
hole (:) motions are strongly correlated in all directions, absorption peak [10]. This is the quantum-confined Stark
but the two-body exciton problem can still be describedeffect (QCSE). Electroabsorption can therefore be used to
in terms ofuncorrelatedrelative (RM) and center of mass study the transition from 3D- towards 2D-like excitons.
(CM) motions. As the well depth increases, the breaking We studied GaA&Al,Ga—,As MQW's, with Al con-
of translational invariance invalidates this picture andcentration varying between = 2% and 0%. 50 periods
eventually leads to 2D-like exciton behavior in deep andbf 100 A GaAs wells and 100 A AGaAs_, barriers
narrow wells [5]. In this case, theand/s move along the were grown by molecular beam epitaxy [2]. To apply
growth directionapproximately independenft each other E,, these MQW'’s were placed in the intrinsic region of a
and, to first approximation, may be thought okaparately p-i-n diode. The samples were patterned Bt pwm
confinedby the bare well potential [5]. In this Letter, diameter mesas and contacted by wire bonding and In
we study excitons in GaA#\l,GaAs -, multiple quantum alloy. The built-in voltage of these-i-n diodes was
wells (MQW'’s) with Al concentrationx < 2%. We use found to be~+1.5 V, determined by the applied volt-
electroabsorption and magnetoabsorption to identify th@ge necessary to achieve flatband condition. The substrate
physical mechanism that drives the transition from 3D-likewas chemically etched off and the back surface antireflec-
towards 2D-like excitons. In-plang fields change the tion coated for absorption measurements. Magnetic fields,
nature of the exciton motion along the growth directionboth perpendicular and parallel to the QW plane, were ap-
from that of astrongly correlatede-n pair (3D limit)  plied using a 7 T split-coil superconducting magnet. Ab-
to that of amore weakly correlate@-h pair. This is  sorption measurements were performed using a broadband
not the case whe® points along the growth direction. bulb filament and grating spectrometer.

Physical mechanisms that can drive such transitions are of Previous photocurrent measurements showed that the
fundamental interest [6]. Interest in shallow wells has alsdQCSE yields to the FKE as decreases below-0.8%
been spurred by their proposed use to increase switchiff@]. Using AE, ~ 1237x (meV) for the total band off-
speeds in absorption modulator devices [7]. Note thaset, and assuming a conduction to valence band offset ratio
the 2D-like exciton picture, developed for deep QW’'sof 60/40, x = 0.8% corresponds to well depths &f =

[5], breaks down in our systems [8]. Although the wells5.94 meV (electron) and/, = 3.96 meV (hole). These
can sustain weakly confined and 2 subbandsthe 3D  are comparableto the bulk GaAs exciton binding en-
Coulomb interaction couples them strongly to the QWergy ~4 meV. Within the 2D-like exciton picture, the
excited states. confinement along the growth direction is approximately

The nature of excitons in MQW systems can be opticallydescribed by the Kronig-Penney model. This predicts
studied with electroabsorption. This technique probes tha very large superlattice miniband width fox = 0.8%
changesn the exciton absorption induced by a static elec{(~15 meV for the electrons), which significantly exceeds

106 0031-900796/76(1)/106(4)$06.00 © 1995 The American Physical Society



VOLUME 76, NUMBER 1 PHYSICAL REVIEW LETTERS 1 ANuARY 1996

the above barrier heights [2]. Therefore, the observatiotinewidth narrows considerablwith increasingB) and by
of QCSE (implying exciton confinement by a single QW) B = 4 T becomes comparable to the intrinsic linewidth
down tox = 0.8% is quite surprising within this model. in a test bulk sample with = 0%. As shown in the in-
The 2D-like exciton picture, used in deep wells [5], clearlyset, this peak appears to display an initial small redshift,
fails to describe the effects of shallow wells on the exci-and an overall quadratic blueshift with;. By By =4 T,
ton. Neither the electronor the heavier holés strongly a second peak has emerged near the band edge. This
confined by the well potential alone [8]. Therefore, weshifts quasilinearly foB; > 4 T (see inset), which indi-
cannot attribute the 2D-like exciton behavior to the mechacates the formation of the lowest LL. Unlike with, , we
nism studied by Wu and Nurmikko [3]. did not observe any other significant LL-like peaks. The
We chose a sample with = 0.25%, where atB = 0  formation of higher LL orbits must therefore be inhibited
the electroabsorption measurements yield FKE exciton bealong the growth direction, due to the disorder and the
havior. Figure 1(a) displays a series of absorption spectrail-induced confinement. To ensure that the above differ-
at flatband bias (i.e£, = 0), as a function of magnetic ences betweeB, andB) are not due to extrinsic effects,
field B, perpendicularto the QW plane. On the high we looked at the diamagnetic shifts inxa= 0% (bulk
energy side, a series of absorption peaks shift approxicaAs) test sample, grown in an identical configuration.
mately linearly withB, [see inset fan plot in Fig. 1(a)] The absorption did not depend on tBefield orientation,
and are therefore attributed to transitions between Landaas expected in the absence of any preferred direction.
levels (LL's). The absorption-edge peak, on the other We now consider the electroabsorption data from the
hand, exhibits a quadratic diamagnetic shift, characteristiec = 0.25% sample, in the presence of magnetic fields.
of strongly bound excitons. With an in-plane magneticFor B = 0, Fig. 2(a) demonstrates FKE behavior in this
field By, however, the exciton behavior @uite different sample. This persists when we apply perpendicular mag-
from theB, case, as Fig. 1(b) demonstrates. The excitometic fields. For in-plane magnetic fields, however, the
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FIG. 1. Absorption spectra for = 0.25% shallow well, as a FIG. 2. Electroabsorption spectra for= 0.25% sample, for
function of B, (a) andB) (b) (0-7 T, steps of 1 T). Insets: B, =0 (a) andB; = 7 T (b). Reverse bias ranges from 0 to
Fan plots of transition energiesl’ = 10 K. =3V. T =10K.
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electroabsorption behavior gite different Figure 2(b) this case,

displays the electroabsorption data for the= 0.25% p2 o252
sample, atB] = 7 T. A quadratic redshift with applied Hgm = =& + V(r) + =2 +y). (5)
E field is clearly observed before the onset of exciton 2u 8uc

ionization. The latter is nownhibited by the QW in We solved the Hamiltonian variationally by expanding in
an observable wayunlike for B, or B = 0. This in- areal-space basis set. HBy, thebasis elementaere
dicates a transition from FKE to QCSE electroabsorption

behavior, unlike foB, . In addition, the LL-like peak, at (1, 2020, iXZe, ixzp)e 4% ¢ 0Tl H2) ,=di3* — (g)
~1530 meV, shiftsquasilinearlywith E,, reminiscent of
coupled well or Stark ladder behavior [11]. For B,, we interchanged: and y in Eq. (6) to take
To understand the nature of extremely shallow QWadvantage of the symmetry. We reproduced both the
excitons, we solved the following Hamiltonian: quantitative results of [12] for bulk magnetoexcitons and
. =L . S 2D-like exciton behavior in deep wells. Note that, unlike
H = [P, + (e/c)A[F,)] I [pn — (e/)AGF)] in previous studies [3,5the coordinate dependence of our
2m, 2my, wave function is quite unbiased:is not separable in the
o2 in-plane , y) and growth ¢) directions, nor in any other
T e + Ve(ze) + Vil(za). (1)  way, anddoes notrely on subband (or LL) expansions,
which convergerery slowlyin extremely shallow wells.
¥ = 7, — r, denotes the-h relative coordinates and Figure 3 summarizes the essence of our results (see

the dielectric constant. In the Landau gauge, the vectoalso [8]). We focus on the nature of the exciton motion
potential isA(r) = 3(B X 7). Based on [1], we use along the growth direction.Az;, = +/(z;) measures the
the bulk GaAs band-structure description for excitons inconfinement of thé: when part of the exciton. FdB =
extremely shallow wells. The strong mixing of the heavy0, we find that the exciton wave function in extremely
and light hole valence bands is thus approximated by &hallow wells can be approximated by the product of the
single quadratic valence band withy, = 0.15mq (mo is 3D RM bound state and@nfinedCM wave function [8].
the free electron mass) ang = 0.067m,. By increasing This corresponds tancorrelatedRM and CM motions,
the Al concentration from = 0%, we break translational as in the strictly 3D limit. Although the exciton can
invariance along the: direction. We model this here be thought of as 3D-like, its CM motion is confined.
with square-well potentiald/, (z.) andV,,(z,). Astandard Extremely shallow wells therefore confine the exciton as a
canonical transformation [12] produces whole, rather than the and % individually as deep wells
2 do. FKE behavior is then expected in electroabsorption
Y4
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In the above, capital letters describe the operators ass
ciated with the CM motion along the direction, while
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lower case letters denote the operators associated with tl 25

RM. In the limit of extremely shallow wellsy, andV}, "

should be thought of as inducing an effective two-body in- i

teraction between the RM and CM motions. In additionto ~ g————4—————+————
the one-body harmonic potential in Eq. (B) induces a B (units of Tesla)

two-body velocity dependefiteraction between the CM g 3. Theoretical calculation of change in hole confinement

and RM motions [last term in Eq. (4)]. This &bsent with B, andB,. We compare to results for 3D-like excitons.
for B, whereP) = 0 for allowed optical transitions. In Vv, = 1.2 meV,V, = 0.8 meV. Well widthZ = 100 A.
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because the wells cannot strongly inhibit the ionizationabsent forB, , strongly enhancethe exciton confinement
of the RM bound state. The question then arises: hovinside the impurity-free GaAs QW.

do magnetic fields affect such a 3D-like exciton? In the In conclusion, we studied the physical mechanism that
case ofB, the harmonic magnetic potential in Eq. (5) drives the transition from 3D- towards 2D-like exciton
increases the binding of the RM bound state. We shoultbehavior in semiconductor QW'’s. Extremely shallow
therefore expecB, to enhancethe validity of the 3D  wells confine the exciton as a whole without completely
exciton picture in extremely shallow wells: it would be invalidating the 3D-like picture. The latter is destroyed
more difficult for the wells to deform the RM bound state by the dynamical coupling of the CM and RM motions,
asB, increases. Figure 3 demonstrates that this is indeecbntrolled by an in-plane magnetic field.

the case forB,. By comparing theh confinement to We thank G. Doran for technical assistance in the
that obtained with a 3D-like variational wave function, we sample preparation, and Y.C. Chang for discussions.
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