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Direct experimental observation of two-dimensional shrinkage of the exciton
wave function in quantum wells
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We have studied the oscillator strength of the lowest 1s heavy excitons in GaAs-A1As quantum wells as a
function of well-layer thickness by means of optical absorption. The oscillator strength of the lowest 1s
heavy excitons is largely enhanced with the decrease of well-layer thickness. The result is the first ful1 ex-
perimental observation of two-dimensional shrinkage of the exciton wave function in quantum wells.

It is interesting to clarify experimentally the form of the
exciton wave function in semiconductor quantum wells,
both from the viewpoint of general physics as well as from
that of semiconductor physics. This is because excitons in
quantum wells are excellent analogues of hydrogen atoms in
one-dimensional square wells. ' By reducing the well thick-
ness, we can continuously change the wave functions of ex-
citons or hydrogen atoms from the three-dimensional to the
two-dimensional state. Recent advances in semiconductor
technology allow us to study experimentally this dimension-
al problem for excitons by creating quantum wells whose
thickness is comparable to the exciton Bohr radius. The ef-
fect of dimensionality on the oscillator strength of the exci-
ton ~ as well as on the binding energy of the exciton has
been extensively studied by theorists. 2~ The recent magne-
toabsorption experiment has revealed the binding energy of
excitons in quantum ~elis. ' However, there has been no
full experimental study of the oscillator strength.

Compared with the binding energy, the oscillator strength
is a more direct probe for the investigation of the nature of
the wave function of excitons. This is because the oscillator
strength is directly proportional to the square of the ampli-
tude of the exciton wave function at the point where the
two constituents of the exciton, an electron and a hole,
overlap. It is expected that the overlap amplitude of the
electron and the hole rapidly increases with the decrease of
the well-layer thickness L„when I., is smaller than the ex-
citon Bohr radius ag. Then the oscillator strength of exci-
tons will rapidly increase. Some authors have reported the
enhancement of the exciton oscillator strength with the de-
crease of well-layer thickness by comparing the lifetime of
excitons. ' However, the lifetime of excitons does not al-
ways reflect the oscillator strength, owing to the consider-
able contribution of the nonradiative processes. In fact, the
observed reduction of the lifetime is too small compared
with the enhancement of the oscillator strength directly
presented in this paper. " In this work, we systematically
study the oscillator strength of the lowest 1s heavy excitons
in GaAs-A1As quantum wells as a function of well thickness
by means of optical absorption. The results give the first
full experimental observation of the nature of the exciton

wave function in quantum wells.
In this work ten multi-quantum-well samples grown by

molecular-beam epitaxy on GaAs(100) substrates were
used. Their characters are listed in Table I. Samples
(GaAs-AIAs, QWI —QW10) consist of alternate undoped
GaAs well layers and undoped AlAs barrier layers. The
thickness of the GaAs well layers ranges from 30 to 254 A.
A hole in the GaAs substrate of all the samples was made
by means of selective chemical etching. Samples were
directly immersed in superfluid helium. For the optical-
absorption measurement, an incandescent lamp and a 50-cm
monochromator were used. The light beam was carefully
set to pass vertically through the hole in each GaAs sub-
strate and the quantum-well layers.

In Fig. 1 absorption spectra n(E) of six representative
samples are shown. Here the absorption coefficient is de-
fined as a(E) = —In(I/Ie)/d(GaAs), where Ie and I are
the incident and transmitted light intensities, respectively.
The total thickness of the GaAs, d(GaAs), is equal to the
well-layer thickness L, multiplied by the number of GaAs

GaAs-A1As

sample numbers (A)

Lb

(A)

d(CaAs)

(ev)

QWI
QW2
QW3
QW4
QWS
QW6
QW7
QW8
QW9
QW10

30
43
53
58
76
83
96

108
154
254

40
62
50
71
33
93
91
36

131
122

0.30
0.86
1.18
0.99
2.08
1.43
0.96
2.63
2.00
2.03

1.845
1.683
1.672
1.642
1.622
1.579
1.571
1.572
1.540
1.524

TABLE I. List of samples. L, is the GaAs well thickness, Lb the
A1As barrier thickness, d(GaAs) the total thickness of GaAs, and
E„=l the energy of the absorption peak due to the lowest ls
heavy-exciton state at 2.0 K.

32 4275 O1985 The American Physical Society



4276 MASUMOTO, MATSUURA, TARUCHA, AND OKAMOTO 32

x10'
I I

x10'
I I

QW4

x10
4 I l

QW
1

5 -.

2

E
2

x1
~

l
~ I I 1 I

QW7

x10'

I

1.6
a ~ a ~ l s I I a

QW9

1.8
' 1'6

x10

E 2

~ I I

1.55 1.60 1.65
I

1.52
I

1.54
I

1.56 1.50
I

1.52
I

1.54

PHOTON ENERGY (eV)

FIG. l. Absorption spectra of the lowest heavy and light excitons in six representative GaAs-A1As multi-quantum-well samples at 2.0 K.
Heavy and light excitons are denoted by h and I, respectively. The background comes from the reflection loss, which is shown by dashed

lines. Absorption areas of the heavy excitons plotted in Fig. 2 are those surrounded by solid lines and dotted lines. Absorption coefficient at

the continuum plotted in the inset of Fig. 2 are indicated by arrows.

well layers. Observed absorption peaks located at the lowest
energy are ascribed to the ls heavy exciton (n =1, e-HH),
which is composed of an electron and a heavy hole belong-
ing to the lowest state (n =1) in the quantum well. The
absorption peaks located at the higher energy are ascribed to
the 1 s light exciton (n = 1, e-LH), composed of an electron
and a light hole. The absorption spectra are steplike above
the 1s light-exciton energy. They correspond to the contin-
uum transition from both the heavy and light valence bands
to the conduction band. Steplike absorption spectra reflect
the steplike two-dimensional density of states of the conduc-
tion and valence bands in a quantum well. The absorption
coefficient at the continuum-band positions increases with
the decrease of well-layer thickness L,.' . Simultaneously,
the integrated areas of the absorption peaks due to heavy
and light excitons increase.

The integrated areas of the absorption peaks are directly
proportional to the oscillator strength f'as follows:

(1)
PtlPC E'b

where mp ls the mass of electron, e is the charge of elec-
tron, c is the light velocity, eb is the background dielectric
constant, and the lower and upper limits of the integral, E~
and E2, cover the absorption peaks. Thus, we can directly
estimate the oscillator strength f'from the absorption area.
The oscillator strength f of excitons in quantum wells is
considered to vary spatially, because quantum wells consist
of many islandlike clusters whose thickness fluctuates by
the height of a monolayer. " The exciton in each cluster has

the oscillator strength for that cluster. Therefore, the oscil-
lator strength f in Eq. (1) is regarded as the spatially aver-
aged one.

In Fig. 2, the obtained absorption areas of the heavy-
exciton peaks are shown as a function of L,. In the inset of
Fig. 2, the absorption coefficients at the continuum posi-
tions indicated by arrows in Fig. 1 are plotted. '4 From Fig.
2, one can find that the absorption coefficient at the contin-
uum and the absorption area .of the heavy-exciton peaks are
strongly enhanced with the decrease of L,. The absorption
coefficient is proportional to 1/L„while the absorption area
of heavy-exciton peaks is enhanced much more with the de-
crease of L,.

From the same variational calculation described previous-
ly, we can obtain the oscillator strength of 1s excitons in an
infinite square well. '4 Dropping the plane-wave term, we
take the following trial function for the 1s exciton wave
function:

W = N cos(mz, /L, ) cos(mzq /L, )

&exp{—[a'(x'+y') +p'(z, —zp)'1' ')

Here two variational parameters a and p are related to the
spatial extent of the exciton in directions parallel (x,y) and
perpendicular (z) to the well layer, respectively. The quan-
tum well is assumed to have infinite wall at z = +L, /2 and
the z coordinates of the electrons and holes are z, and zq,
respectively. X is determined by the normalization condi-
tion. This trial function contains that used by Bastard,
Mendez, Chang, and Esaki as a special case. s The oscillator
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FIG. 2. L, dependence of the absorption area (0) of the lowest
1s heavy exciton. The solid and dotted lines are the oscillator
strength calculated on the basis of Eq. (3) with and without taking
account of the energy dependence of the optical transition, respec-
tively. The dashed line shows the I/L dependence. Calculated
lines are normalized to fit the experimental data of QW9. In the in-

set the L, dependence of the absorption coefficient ( ~ ) at the con-
tinuum indicated by arrows in Fig. 1 is plotted. The dashed line
shows I/L, dependence.

strength of 1s excitons is calculated by

f=(L,N /2mot~) l~& I F(k,L /2), (3)

where M,„ is the matrix element of the optical transition
from the valence to the conduction band, leo is the optical
transition energy, and k, is the z component of the photon
wave vector in the well layers. A factor F(x)
= l (sinx/x) m'/(x' —m') ]' arises from the wave-vector
mismatch between excitons and photons. Because the rela-
tion k,L, /2 (0.35 holds in all the samples, it is exact
enough to regard F(k,L, /2) in Eq. (3) as 1.0 for the
analysis of the experiment. As L, approaches zero, Eq. (3)
converges to (4n'/7rmotcoL, ) IM,„I'. In the limit of small
L„a goes to 2/as. Then expression (3) agrees with the
well-known formula (16/nmotcuL, ae) IM,„I' for the two-
dimensional exciton. As is shown by Chang and Schul-
man, " the square of the optical matrix element IM, „I' can
be regarded as independent of L, in the present range (30 A
(L, (254 A). Thus we calculated the relative oscillator

strength regarding the term IM,„I in Eq. (3) as a constant.
The calculated oscillator strength is shown as a function of
L, by solid and dotted lines in Fig. 2. The solid and dotted
lines are calculated with and without taking into account the
energy dependence of the optical transition energy
(=E„=~ in Table I), respectively. Here we have adopted
the values of static dielectric constant so=12.5 and the re-
duced mass of exciton in the x,y directions p, =0.04mo, so
that the Bohr radius ac =sot'/p, e' is taken to be 165 A.
The calculated curves are normalized to fit the absorption
area of the 1s heavy exciton in the QW9 sample. As a
result of normalization, the calculated curves depend little

on the values of eo, p, , and a~. The agreement between the
experimental values and the calculated curve is fairly good
unless the well thickness is thinner than 60 A. It is noted
that almost the same calculated curves have been obtained
even with other forms of trial functions by Bastard et aI. 5 or
Greene and Bajaj, although the present trial function in Eq.
(2) gives the largest binding energy for excitons.

It is instructive to compare the L, dependence of the ab-
sorption area of the heavy-exciton peaks with that of the ab-
sorption coefficient at the continuum. With the decrease of
L„ the absorption coefficient grows larger in proportion to
1/L, . This dependence comes from the fact that the square
of the overlap amplitude of the wave functions of the eIec-
trons and holes is proportional to 1/L„because the un-
bound states of electrons and holes are confined in the well
of thickness L, in the z direction but are extended in the x,y
directions, while the 1s exciton wave function shrinks in
both the z and x,y directions. In the z direction, the exciton
wave function shrinks in proportion to L„while in the x,y
directions the exciton wave function shrinks in proportion
to I/n. In the limit of small L„ I/nas goes to ~. This fact
explains the more drastic increase of the absorption area of
the heavy-exciton peak compared with the increase of the
absorption coefficient at the continuum. Thus, the
enhancement character of absorption area presents direct
experimental verification of the two-dimensional shrinkage
of the exciton wave function in quantum we11s. In the case
that the well layer is thinner than 60 A, the experimental
values are much larger than the calculated ones. The
present experiment presents the relative increase of the os-
cillator strength of excitons in quantum wells. The calculat-
ed curve varies little even if we change the value of the
Bohr radius a~ from 100 to 200 A. This is because the cal-
culated curve is normalized to fit the experimental data of
the QW9 sample. Thus the disagreement between experi-
ment and calculation is unavoidable.

The experimental data definitely show that the exciton
wave function shrinks much more than calculated for the
infinite-well model. This deviation is enhanced even more
if we take the finite-we11 model. Then the exciton wave
function does not shrink -as much with the decrease of L„
because the wave function penetrates somewhat into the
barrier layer. The effect of the image force on excitons
somewhat enhances the oscillator strength with the decrease
of L,. However, the enhancement explains only a part of
the deviation. ' If we assume that the reduced mass p, of
the exciton is enhanced by =20% below L, =60 A, the os-
cillator strength increases by =40%, so that the deviation is
canceled. This is because the Bohr radius a~ is proportional
to I/iu, , and because the oscillator strength of the two-
dimensional exciton is enhanced in proportion to the
enhancement of I/a~~. In this connection, we note the re-
cent magneto-optical experiments. ' The enhancement of
the reduced mass of excitons deduced from our present ex-
periment qualitatively agrees with that deduced from the
magneto-optical experiments. The nonparabolicity of the
heavy-hole subband probably explains the increase of the
reduced mass with the decrease of L„because the hole
states with larger wave vectors contribute to the exciton
wave function with its shrinkage.

In summary, the oscillator strength of the lowest 1s heavy
excitons in GaAs-A1As quantum wells is studied as a func-
tion of well-layer thickness by means of optical absorption.



4278 MASUMOTO, MATSUURA, TARUCHA, AND OKAMOTO 32

The oscillator strength of the lowest 1s heavy excitons is
hrgely enhanced with the decrease of well-layer thickness.
The enhancement character gives the full experimental veri-
fication of two-dimensional shrinkage of the exciton wave
function in quantum wells. The exciton wave function
shrinks much more than the calculated one when the quan-
tum well is thinner than 60 A. This fact suggests that the
reduced mass of excitons is then enhanced by =20%.
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