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This paper presents a theoretical formulation of the integrated intensity and the profile of the

optical-absorption spectrum of exciton resonance in quantum wells. Using our model, we analyzed

the ground-state electron-heavy-hole exciton resonance in 20-period multiple quantum wells with

10-nm Inp 53Gap 47As wells and 10-nm InP barriers. We found the intrinsic integrated intensity in

this quantum well to be 1.1 X 10 eV, which was about 70% of that in GaAs/Alp 25Gap 75As quan-

tum wells reported by Masselink. We demonstrate quantitatively that the smaller integrated inten-

sity is due to the larger two-dimensional exciton radius caused by the larger static dielectric con-

stant and the smaller in-plane reduced effective mass. We propose that the resonance spectrum

profile should be formed by the convolution integral between the broadening function due to the

spatial inhomogeneity of exciton energy and that due to the reduction of exciton lifetime by thermal

phonon scattering. Inhomogeneous broadening was found to be a Gaussian distribution from the

measured low-temperature spectrum. Assuming that the LO phonon is the major scattering source

for excitons and that the distribution function of their lifetime is Lorentzian with a width of half the

average, we could explain the measured profile of exciton resonance up to high temperatures. We

found the average exciton lifetime to be 300 fs at room temperature. We argue that inhomogeneous

broadening due to composition fluctuations in Inp 53Gap 47As wells and the larger thermal broaden-

ing due to the larger exciton-phonon coupling make the exciton spectrum broader than

GaAs/All „Ga„As quantum wells. We conclude that both the smaller integrated intensity and the

broader spectrum make the exciton resonance in Inp 53Gap 47As/InP quantum wells weaker. We

present the condition of inhomogeneous broadening needed to observe exciton resonance at room

temperature.

I. INTRODUCTION

In semiconductor quantum wells, clear optical-
absorption resonance due to excitons is often observed
even at room temperature. This was first found in
GaAs/AlAs quantum wells by Ishibashi. ' An exciton
consists of a hole and an electron interacting through
Coulomb attraction. An exciton's envelope wave func-
tion of relative motion is spherical in bulk materials. In
quantum wells, excitons are compressed perpendicularly
toward the quantum-well layers, giving excitons a larger
binding energy and a stronger oscillator strength than
in bulk, and making their optical-absorption spectra
easier to observe at room temperature. Spectra around
the absorption edge have a steplike continuum and two
resonance spectra: one assigned to an electron —heavy-
hole (HH) and one to an electron —light-hole (LH) exciton
transition. The electron-HH exciton spectrum is at the
absorption edge, and the electron-LH exciton spectrum is
at a higher energy over the absorption continuum of
conduction-band —to —HH-valence-band transitions. This
is caused by the splitting of the valence band at the I
point due to quantum confinement.

Two remarkable optical characteristics have been
found in this enhanced exciton resonance. The first is the
electric-field-induced shift of exciton resonance toward
lower energies. This is called the quantum confined Stark

effect. %'hen the electric field is perpendicular to the
quantum-well layers, the exciton resonance remains
clearly up to about 10 V/cm because the potential bar-
riers prevent the ionization of excitons. The other optical
characteristic is the large optical nonlinearity caused by
the excited high-density electron-hole plasma including
excitons or, in a broad sense, by electrically injected car-
riers. The origin of this nonlinearity is understood in
terms of the exclusion principle and the screening of
Coulomb attraction. " Both of these optical effects
make it possible to modulate dielectric constants much
more than in bulk materials. They are useful for develop-
ing new devices such as high-speed optical modulators, '

optical switches, "optical bistable devices [self-generated
electro-optic effect devices (SEED's)], ' etalon-type opti-
cal bistable devices, ' and bistable lasers. '

The stronger the exciton resonance, the better the per-
formance of these devices. The intensity of the ground-
state electron-HH exciton resonance is especially impor-
tant since it is located at the absorption edge. So far, ex-
perimental studies show that the optical-absorption
coeScient of the exciton resonance depends on the ma-
terial that makes up the quantum-well structure. In a
9.6-nm GaAs/Alo 28Gao 72As quantum well, Chemla' re-
ported an optical-absorption coeffIcient of about 1.2 X 10
cm ' at the electron-HH exciton resonance peak at room
temperature. Iwamura' showed the resonance to be
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about 1.6X10 cm ' at 296 K in a 9.5-nrn GaAs/AlAs
quantum well. In our previous papers, we have shown
the resonance in Inp 53Gap 47As/InP and
Inp g8Gap 42Asp 9Pp ~/InP quantum wells, which are very
promising for use in 1-pm region optical communication
systems. ' ' We found that the room-temperature ab-
sorption coefficient at the electron-HH exciton resonance
peak was around (7—8)X10 cm ', when wells were 10
nm thick. Weiner showed the absorption coefficient
to be about 4 X 10 cm ' in 11-nm
Ino 53Gao 47As/Inp 5pAlp gsAs quantum wells. Bar-
Joseph reported an identical absorption coefficient in
10-nm Inp 53Gap47As/InP quantum wells. These values
are about half of our results, which is probably because
they took the total thickness of well and barrier layers as
light-absorbing region in processing the transmission
data, while we took the thickness of only the well layers.
In general, long-wavelength quantum wells such as
In& „Ga„As P& /InP (Refs. 19—21 and 23—25),
Ino»Gao 47As/Ino &2Alo 4sAs (Refs. 22, 26, and 27), and
GaSb/Al, „Ga„Sb (Ref. 28) quantum wells show weaker
exciton resonance than GaAs/Al, „Ga,As quantum
wells. The room-temperature exciton resonance oc-
casionally merged into the band-to-band absorption con-
tinuurn, and could not be detected. ' The cause for this
weaker exciton resonance is not well understood probably
because there has been no intensive and quantitative
study on exciton resonance spectrum.

The purpose of this work is to explain this experimen-
tal result and, more generally, to develop a comprehen-
sive understanding of exciton resonance in quantum
wells. We studied the optical-absorption spectra of elec-
tron HH exciton resonance in Ino 53Gao 47As/InP quan-
tum wells both experimentally and theoretically. First,
we discuss the theoretical model of the integrated intensi-
ty and the profile of exciton resonance spectrum. Based
on our model, we then analyze the measured spectra in
Ino 53Gao 47As/InP multiple quantum wells (MQW's)
grown by low-pressure metalorganic vapor-phase epitaxy
(MOVPE). We demonstrate that this quantum well has
smaller integrated intensity than GaAs/Al, „Ge„As
quantum wells due to the larger two-dimensional exciton
radius, and a broader spectrum due to composition fluc-
tuations in Inp 53Gap $7As wells and a larger exciton LO
phonon coupling, showing weaker exciton resonance.
We present the condition of inhornogeneous broadening
needed to observe exciton resonance at room temperature
in Inp 53Gap 47As/InP quantum wells.

II. THEORETICAL MODEL OF EXCITON SPECTRUM

s=
eocnm +,„D

(2)

According to the time-dependent perturbation theory,
the optical absorbance of exciton resonance in a quantum
well is given by

a,„Low =SB(%co E,„), —

where

is the integrated intensity of the exciton spectrum based
on the effective-mass approximation ' and
B (%co —E,„)is the normalized broadening function. Tak-
ing the period in a MQW structure as Low, a,„
represents the average optical-absorption coefficient of a
quantum well. The integrated intensity is proportional to
the creation rate of excitons (the oscillator strength of ex-
citon transitions). The absorbance of the exciton reso-
nance peak is proportional to the integrated intensity and
roughly proportional to the inverse of the width of the
broadening function. Thus, to understand the charac-
teristics of exciton resonance, we need to understand both
the integrated intensity and the broadening function. We
begin by deriving a formula for the integrated intensity
explicitly including material parameters of quantum wells
based on Eq. (2). To our knowledge, the analytical ex-
pression of Eq. (2) has not been presented. Previous re-
ports discussed only the width of the broadening func-
tion. We propose a model to describe the entire spectrum
profile at any temperature.

A. Integrated intensity

In Eq. (2), e is the charge of an electron, A' is Planck's
constant divided by 2m, E'p is the permittivity of a vacu-
um, c is the speed of light, n is the refractive index, mp is
the mass of an electron, and D is the area of the quantum
well. P„ is the optical matrix element between the
conduction-band and the valence-band Bloch states. E,„
is the exciton energy given by E,„=E +E, +E& —E&,
where E is the band gap of the well material, E, is the
confined electron energy, E& is the confined hole energy,
and E~ is the exciton binding energy. An exciton state is
formed by the linear combination of the product of
single-particle Bloch state in the conduction and valence
bands. A (k~~) is its expansion coefficient at the in-plane
wave vector k~~, and it is given by the Fourier transform
of the in-plane exciton envelope wave function.

The envelope wave function of excitons in quantum
wells is given by

(3)

where y, (z, ) is the electron envelope wave function
describing a confined state, ph (zz ) is that of the hole, and

P,„(r) represents the relative in-plane motion of an elec-
tron and a hole. z, is the coordinate of an electron in the
direction perpendicular to quantum-well layers, z& is the
coordinate of the hole, r is their relative in-plane dis-
tance, R is the in-plane center of mass of an electron and
a hole, and K is the wave vector of its motion. We as-
sumed that the Coulomb attraction is weak compared to
the quantum confinement effect, and that the confined-
state wave functions are not perturbed by the Coulomb
attraction. Based on the finite square potential model,
the electron wave function can be calculated using the
conduction-band discontinuity EE„and the hole wave
function can be calculated using the valence-band discon-
tinuity b,E, . We take
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1/2 —riX
P,„(r)= — e

ex

(4)

where A,,„is the two-dimensional exciton radius.
A (k~~~) can be written as

A(k~~~)= —I d re " t)),„(r)5xp (Sa)

8m.

D

1/2
~ex

( 1+k'X' )'"
ex

(5b)

4"~IP„I'
, I & g, (z) Iq „(z)) l' .

epcnm QE

Note that degeneracy due to spin is taken into account.
The two-dimensional exciton radius can be determined

by a variational method to maximize the exciton binding
energy of

e 1
E~(A,,„)= — +

2pk, 2„4~a p
(8)

where p is the reduced effective mass parallel to the
quantum-well layers given by (1/m, +1/mI, ), mj is the
effective mass of holes in that direction, m, is the electron
effective mass, e is the static dielectric constant, and
p=[r +(z, —zq) ]'

The optical matrix element at the band edge is given by

IP„I'=
I & a, le pl a„&I'=Mow~', (9)

where u, is the Bloch function at the conduction-band
edge and u, is the Bloch function at the valence-band
edge. M is the average matrix element for Bloch states
given by

We omitted 5K p in Eq. (5b). The integration in Eq. (5a)
was done by Schmitt-Rink. " We can see that the contri-
bution to 3 (k~~~) in Eq. (2) is negligible when k, &) I/A, ,„.
Since A,,„ is around 10 nm (refer to the calculation of A.,„
in 9.5-nm GaAs/Alp 3zGap 6sAs quantum wells by
Miller ), we can take the value of P„at band edge. The
summation in kll space, 3, is given by

A(k„)=3/D P,„«)
kll

The integrated intensity can be written as

intensity is also proportional to the inverse of the elec-
tron effective mass. Note that E,„ in Eq. (7) and Es in

Eq. (10) almost cancel.
The integrated intensity in three-dimensional (3D) bulk

material S3D can be obtained by using A =3/Vp, „(0)
and eliminating &y, (z)lyre(z)) in Eq. (2) and Mow in Eq.
(9). To compare the intensity with that of a quantum
well, we suppose a bulk with the same volume as a quan-
tum well: V =I QwD. The three-dimensional exciton en-

velope wave function of the relative motion is given as

p,„(r)=I/(7rap)'~ exp( r/a—p), where ap is the three-
dimensional exciton radius. Thus, the ratio between S
and S3D can be written as

B. Broadening function

The exciton spectrum broadening at low temperatures
is primarily due to the spatial inhomogeneity of the exci-
ton energy level caused by structural imperfections in the
quantum wells, such as interface roughness, composi-
tion fluctuations in constituent alloys, ' ' and non-

periodicity in multiple quantum wells. ' Excitons, once
created by photon absorption, are ionized to free
electron-hole plasma by phonon scattering (under an elec-
tric field, ionization by tunneling through the barriers on
the opposite sides must be also taken into account). At
high temperatures, the density of phonons increases, re-
ducing the exciton lifetime and further broadening the
spectrum according to the uncertainty principle.

Temperature dependence of exciton spectrum width I
has been studied experimentally in GaAs/Al&, Ga„As
quantum wells, ' ' ' in InQ 53GaQ 47As/Inp 53Alp 4sAs

quantum wells, ' and in InQ53GaQ47As/InP quantum
wells. In all reports, the spectrum broadening was ana-

lyzed by the linear combination of the inhomogeneous
broadening width I"o and the thermal broadening width
I z.(T):

r=r, +r, (T) . (12)

Here, LO phonon scattering was assumed to be a major
source of thermal broadening:

gw

~ex~ QW

Equation (11) tells us how much the integrated intensity
is increased as we go from three- to two-dimensional sys-
tem.

m QE (E +6)
M =

12m, (E +—2b )
(10) Iphr, (T)=

e"p(')Ia7Lo/kz T) 1—(13)

where 6 is the spin orbit splitting energy of the valence
bands. MQ~ is the polarization factor and is —,'for
electron-HH transition and —,

' for electron-LH transition
at absorption edges when the polarization vector e is
parallel to the quantum-well layers.

Equation (8) shows that the smaller the static dielectric
constant, and the larger the reduced effective mass, the
larger the exciton binding energy. This gives a smaller
exciton radius, and thus a larger integrated intensity
given by Eq. (7). Equation (10) shows that the integrated

where A'co„o is the LO-phonon energy, and I h is the cou-

pling constant with excitons.
However, we must note that the cause of the inhomo-

geneous and thermal broadening is principally different in
the sense that I"o represents the spatial inhomogeneity of
the exciton energy and I T represents the uncertainty in

measuring the energy of the exciton resonance. The exci-
ton energy level depends on the sites in quantum wells

due to structural imperfections and each level shows
thermal broadening due to scattering. Thus, we propose
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that the broadening function of the exciton spectrum
should be written by the convolution integral as

B (fico E,—„)=f Bo(fico E—,„+E)Br(E)dE, (14)

(16)

where I o, represents the FWHM of a Gaussian broaden-
ing function due to each structural imperfection.

According to the time-dependent perturbation
theory, the resonance spectrum between discrete levels
broadens by (1/irb)sin (E/b)l(E/b) within a finite ob-
servation time of t =2filb. The FWHM of this function
is 5.56%/t. As t increases, this function approaches a 5
function. The exciton resonance spectrum broadens ac-
cording to this function with t as the exciton lifetime ~.
Thus, BT can be described as

f (r) sin'(E/b)
(E/b)'

(17)

where f (i.) represents the normalized distribution func-
tion of exciton lifetime and b =2%/~. In Sec. IV, we
show that the profile of the measured spectrum can be ex-
plained well using a Lorentzian distribution as f(r).

The measured FWHM of the ground-state electron-
HH exciton spectra in III-V-compound semiconductor
quantum wells is comparable to the exciton binding ener-
gy. Chemla' reported room-temperature exciton spec-
trurn with about 7.5-rneV FWHM in 9.6-nrn
GaAs/Alp 28Gao 72As quantum wells. Green calculated
the exciton binding energy as 8 me V in
GaAs/Alp 3Gap 7As quantum wells when wells are 10 nm.
Thus, the higher energy side of the electron-HH exciton
spectrum at the absorption edge is not completely
separated from the absorption continuum due to band-
to-band transitions. As the spectrum broadens, the exci-
ton resonance gradually merges into the continuum. The
optical absorbance of the band-to-band transition can be
written as '

~e'f Is'„I'IQw, "
I &@,«)lq p, (z) & I' F, (fico)J..o«~ o&~

(18)

where Bo is the broadening function due to the inhomo-
geneity of the exciton energy and BT is that due to the
uncertainty in the exciton energy depending on the exci-
ton lifetime. We assume that the exciton lifetime is in-
dependent of the slight variation in exciton energy. This
is reasonable since structural imperfections primarily
change the band-gap energy or quantum confinement en-

ergy, and the change in the exciton binding energy is
negligible. As we showed in our last paper, ' the low-
temperature spectrum of exciton resonance is well fit to a
Gaussian distribution function. Thus, we take

Bo(fico E,„)=——exp[ (fico E—,„) /—2( ] (15)
1

2irf

with a full width at half maximum (FWHM) of
I O=2. 35(. Assuming that each component of structural

imperfections mentioned above occurs independently, we
can deconvolute I o as'

where J„=p/mA represents the joint density of states
per unit area between conduction and valence bands, and
F, (fico) is the Sommerfeld factor. ' 2 The Sommerfeld
factor describes an increase in the band-to-band optical
absorption due to the Coulomb interaction, which is
equal to 2 at the absorption edge. The ratio of the aver-
age optical-absorption coefficient at the exciton resonance
peak and the continuum is given by

$2
a,„/a, =1.88 (19)

Here, we canceled E,„ in Eq. (7) and fico in Eq. (18) and
assumed that the exciton resonance obeys a Gaussian dis-
tribution. the value of a,„/a, represents a contrast of ex-
citon resonance against the band-to-band continuum.

III. EXPERIMENT

We grew Ino»Gao z,As/InP MQW's on (100)-oriented
InP substrates by low-pressure MOVPE. Three samples
(samples I, II, and III) were grown by the horizontal-type
reactor, in which we grew Ino ~sGao 4iAso 9PO i/II1P
quantum wells reported in Ref. 21. The growth tempera-
ture was around 600'C. We first grew a 100-nm undoped
InP buffer layer on an InP substrate, and then a 20-period
undoped MQW consisting of about 10-nm Ino 53Gao 47As
wells and 10-nm InP barriers. The background electron
concentration is around 1X10' cm . The In, Ga, As,
and P sources were trimethyleindium, triethylegallium,
arsine, and phosphine. Pd-diffused high-purity hydrogen
was the carrier gas. The total carrier-gas flow rate was
six standard liters per minute. The growth rate of MQW
layers was about one rnonolayer per second.

The thickness of well and barrier layers in a period of
MQW's was determined by analyzing small-angle x-ray
diffraction patterns. Figure 1(a) shows the diffraction
pattern of sample II with the x-ray incident angle from
8=0.3' to 2.0'. Up to seventh order, interference peaks
due to the periodic structure of the MQW are observed.
We used a computer-controlled Rigaku small-angle
diffractometer with Cu Ko, radiation. The experimental
setup was described in Refs. 43 and 44. In these papers,
we showed that the structure of MQW's can be uniquely
determined by analyzing the first and secondary
diffraction peaks based on optical multilayer theory. In
Fig. 1(b), circles represent the measured diffraction pat-
terns around the first and secondary (hardly observed)
peaks. The lines show the calculated diffraction pattern
when the Ino»Gap &7As well is 9.8 nm and the InP bar-
rier is 9.6 nm that agrees best with the measurements.
The reflectivity of the measured pattern is adjusted to the
calculation of the first-order peak. The even order peaks
are hardly observed because the well and barrier
thicknesses are almost equal. Error is estimated within
0.2 nrn. The well thickness determined using the same
procedure was 10.3 nm and the barrier thickness 9.4 nm
in sample I. The well was 9.9 nm and the barrier was 9.8
nm in sample III.

We measured the optical absorption spectra of the
MQW's from 4.2 to 380 K. Samples were immersed in
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FIG. 1. (a) X-ray diffraction pattern of sample II with an in-
cident angle from 0.3' to 2.0'. The order of the interference
peaks is also shown. (b) X-ray diffraction pattern around the
first- and the second-order (hardly observed) interference peaks.
The circles represent the measured pattern. The lines represent
calculations based on optical multilayer theory when
Ino 53Ga047As wells are 9.8 nm and Inp barriers are 9.6 nm.
The reflectivity of the measured pattern is adjusted to the calcu-
lation at the first-order peak.

liquid helium at 4.2 K. Between 9 and 380 K, we used a
cryostat built by Technolo Industry, Ltd. Temperature
at the sample was controlled by a helium refrigerator and
a PID-controlled heater. A beam from a halogen lamp
dispersed by a 0.32-m single-pass monochrometor was fo-
cused to a diameter of 250 p, m on the MQW samples.
Here, the polarization vector in Eq. (9) is parallel to the
quantum-well layers, giving MQ+ 2

for electron-HH
exciton transition. The light transmitted through the
sample was detected by a PbS detector using a conven-
tional lock-in technique. The ratio between the intensity
of the light transmitted from a sample, I&, and an InP
substrate, I2, was normalized to one at an energy below
the absorption edge where optical absorption by a MQW
could be neglected. The optical absorbance of one quan-
tum well was determined by aL&w=(1/X)ln(I2/I, ),
where I, and I2 are the light transmitted from a sample
and from an InP substrate, and X is the number of the
wells. Since 10-nm InP barrier layers are thick enough to
neglect the interference of confined-state wave functions,
Eq. (2) derived for a single quantum well holds in our
MQW's.

IV. EXCITON RESONANCE IN Ino 53GSO 47As/InP
QUANTUM WELLS

x10
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2V
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1 — 4.2lh
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FIG. 2. Optical-absorption spectra of sample I at 4.2, 77,
120, 180, 240, 29S, and 360 K. The vertical axis is the optical
absorbance of a quantum well.

In this section, we show the measured optical-
absorption spectra of the InQ 53Ga0 47As/InP MQW's and
analyze the spectra based on the model we presented in
Sec. II.

Figure 2 shows the measured optical-absorption spec-
tra of sample I. The vertical axis is described by the ab-
sorbance of a quantum well. The absorption edge shifted
toward longer wavelengths as temperature increased due
to the decreased In0536ao47As band gap. We can ob-
serve resonance spectra of the ground-state electron-HH
and -LH excitons over the steplike absorption continu-
um. (Only electron-HH resonance is shown in Fig. 2, ex-
cept at 4.2 K.) The exciton spectrum decreases in the ab-
sorbance and merges into a continuum as temperature in-
creases. Taking the peak of the spectra as the exciton en-
ergy and using the low-energy side of the spectra, we ex-
tracted the contribution of the electron-HH exciton reso-
nance. We evaluated the integrated intensity and the
profile of the spectrum as long as the absorbance at the
peak is 1.2 times larger than that of the continuum to
avoid errors.

Figure 3 plots the integrated intensity of electron-HH
exciton resonance as a function of temperature for sam-
ples I, II, and III. The unit of the integrated intensity is
written in eV. We could not find any significant
difference in the integrated intensity among the three
samples. The intensity remained almost constant espe-
cially below 100 K between 1.0X 10 and 1. 1 X 10 eV.
Above 200 K, data is more scattered, probably due to the
increasing experimental error in determining the exciton
peak energy because of the broadening of the resonance
spectrum. We judge the measured value to be intrinsic in
In0 53Ga0 47As/InP quantutn wells, and take
S =1.1X10 eV.

Stolz reported the well-width dependence of the
integrated intensity measured at 5 K in
In0 53Ga0 47As/In0 52A10 4sAs quantum wells. Accord-26
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lated to be 0.99. (& y, (z) ~y, (z) )„„,=0.96 and
& yh (z)

l q h (z) )„„,=0.99, confirming that excitons are al-
most confined in wells. ) We obtained

S=1.49X10 /(A, ,„[nm]) eV . (21)
s.o—

CO

I
0.5—

tO
IIII

U)I
C

o Sample I
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ing to Fig. 8 in Ref. 26, the integrated intensity at the
well width of 10 nm seems 20% or 30% smaller than our
value. The reason for this discrepancy is not clear. In
GaAs/Alp 2sGap 7sAs quantum wells, Masselink ' studied
the well-width dependence of the integrated intensity
below 3 K. Their data (Fig. 4 in Ref. 31) show that the
integrated intensity was 160 eV/cm in 10-nm quantum
wells. Considering that they used the well width to cal-
culate the absorption coefficient from their transmission
data, the integrated intensity in the absorbance spectrum
is 1.6X10 eV. The integrated intensity we obtained in

Inp»Gap 47As/InP quantum wells is about 70% of this
value.

In calculating S using Eq. (7), we use the material pa-
rameters of the mell layers. This is a good approximation
since the exciton envelope wave function is almost
confined in about 10-nm wells. We show the results of
our calculation for each of the two quantum wells:

(i) Inp ~3Gap ~7As/InP quantum wells: Using Eg =0.75
eV and 6=0.35 eV at 300 K and m, =0.041mp, we ob-
tain ~P,„~ =3.41mpE from Eqs. (9) and (10). We calcu-
lated p, (z) and q&l, (z) assuming that bE, was 40% of the
band-gap difference, hE, between InP and
Inp 53Gap 47As, and obtained & g, (z)~pz(z) ) =0.96.
[The integration over well layers is

&g, (z)ly, (z) )„,,i=0.95 and &y (zh)lq„( ))z„„,= 1.0,
confirming that excitons are almost confined in wells. ]
Since the calculated quantum energy level was

E, +El, =45 meV, E /E„ is evaluated to be 0.95. Using
n =3.6, we obtain

S=2.32X 10 /(A. ,„[nm]) eV, (20)

where k,„ is in nrn. Substituting S =1.1X10 eV, we
obtain A.,„=14.5 nm.

(ii) GaAs/Alp 2&Gap 7&As quantum wells: We use
E = 1.424 eV and 6=0.34 eV at 300 K, m, =0.068mp,
bF., =0.57bE, and n =3.6. &g, (z)~yh(z)) was calcu-

10 10 10

Temperature (K)

FIG. 3. Integrated intensity of the ground-state electron-HH
exciton resonance as a function of temperature. Circles
represent the measured values in sample I, triangles those in

sample II, and squares those in sample III.

Substituting S =1.6X10 eV, we obtain A,„=9.7 nm.
Thus, the smaller integrated intensity in
Inp53Gap47As/InP quantum wells is due to the larger
two-dimensional exciton radius.

The two-dimensional exciton radius is related to the
static dielectric constant and the in-plane reduced
eff'ective mass as can be seen in Eq. (8). We use the static
dielectric constant of bulk layers: e = 13.9ep for
Inp»Gap ~7As (Ref. 46) and @=12.5ep for GaAs. The
in-plane reduced effective mass is not well defined, how-
ever. The Luttinger parameters of y &

= 11.01 and
y~=4. 28 derived for InQ 53GaQ 47As by Alavi gives
mI,'=mp/(y, +yz)=0. 065mp, and thus @=0.025mp us-

ing m, =0.041m Q. Stolz experimentally obtained
@=0.051mp from the magnetoabsorption measurements
in 8.0-nm Inp»Gap 47As/Inp 5&Alp 4sAs MQW's, which is
about twice as large as the theoretically predicted value.
They attributed this enhancement to the increased elec-
tron effective mass due to the nonparabolicity of the
Inp 53Gap 47As conduction band and/or the much heavier
heavy-hole mass caused by the mixing of split valence
bands. Based on Eq. (8), A, ,„=14.5 nm and @=13.9ep
gives @=0.04m p (and a binding energy of 6.6 meV). This
value, being between the above mentioned theoretical
and experimental values, is reasonable. For
GaAs/Alp»Gap 75As quantum wells, Eq. (8) with

k,„=9.7 nrn and @=12.5E'p is satisfied by p=0. 061mp
(exciton binding energy was 10.5 meV), which is about
1.5 times larger than in InQ53Gap47As/InP quantum
wells. Thus, the larger two-dimensional exciton radius in
InQ 53Gap 47As/InP quantum wells can be attributed to
the larger static dielectric constant and the smaller in-
plane reduced effective mass.

Now, we can evaluate how much the integrated inten-
sity is increased in quantum wells compared with bulk
materials. The effective-mass equation for the three-
dirnensional exciton problem can be solved analytically,
giving ap=0. 053(pl /pp)(E/ p) e(in nm). Using e'=13.9ep
and p =0.038m Q for bulk InQ 53GaQ 47As, we obtain
a p

= 19.3 nm. Using e = 12.5ep and p =0.056m p for bulk
GaAs, we obtain ap=11.8 nm. In MQW's with 10-nm
wells and 10-nm barriers, the ratio S/S3D can be calcu-
lated setting LOw =20 nm in Eq. (11). In
InQ53Gap47As/InP quantum wells, the intensity is 4.7
times greater than in bulk Inp 53Gap 47As. In
GaAs/Alp 25Gap 75As quantum wells, the ratio is calcu-
lated to be 2.6, about half that in Inp 53Gap47As/InP
quantum wells. The difference in the integrated intensity
of exciton resonance between different materials becomes
less significant as we go from a three- to a two-
dimensional system. This is because the extent of the ex-
citon wave function perpendicular to the quantum-well
layers is almost restricted to the well width, independent
of the materials making up the wells. In the practical ap-
plication, the well width is designed to optimize the exci-
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ton energy for each device. To further improve the exci-
ton absorption behavior in quantum wells compared to
bulk, we should narrow the barrier thickness to the ex-
tent that we can neglect the exciton wave-function over-
lap between neighboring wells. We experimentally found
that the integrated intensity of exciton resonance
remained constant in a MQW with barriers reduced to 6
nm.

Figure 4 shows the measured optical-absorption spec-
tra at 4.2 and 295 K. At 4.2 K, the electron-HH exciton
resonance spectrum has a Gaussian distribution of 80
with I 0=4.7 meV. At 295 K, we assumed that the dis-
tribution function of exciton lifetime is Lorentzian with
an average lifetime of 300 fs and a FWHM of half the
average (150 fs). The calculated curve explains the profile
of the measure electron-HH exciton resonance well. The
295-K profile has a longer tail than the profile at 4.2 K.
The tail does not fit to a Gaussian distribution. We could
not experimentally determine the spectrum profile where

the absorbance is less than 10 since the transmission is
almost equal to one in our 20-period MQW*s.

Figure 5 shows the FWHM of the electron-HH exciton
spectrum as a function of temperature for the three sam-
ples. Data is plotted as long as exciton resonance is 1.2
times larger than the continuum. The inhomogeneous
broadening was I 0=6.0 meV in sample II and 1 o=8.5
meV in sample III, both larger than in sample I. The
spectrum broadened as temperature increased, reducing
the peak absorbance. The arrow at 14.6 meV is the cal-
culated width setting a,„/a, =1.2 with @=0.04mo and
X,„=14.5 nm in Eq. (19). This limit agrees well with
measurements. We calculated the temperature depen-
dence of the exciton spectrum width assuming that the
LO phonon scattering forms a Lorentzian distribution in
exciton lifetime as a major scattering source. According
to Eq. (13), the temperature dependence of the average
exciton lifetime is described as

r =r~h[exp(AtuLo/kit 'r) I ] .

I 2
V
C
CO

o
CO

x10
1 I

Sample I 4.2 K

Equation (22) gives the lifetime of 300 fs at 295 K using
AcoLO=30 meV and v. h=130 fs. The LO-phonon energy
was determined from linear interpolation between 28
meV in InAs and 32 meV in GaAs reported by Soni.
The FWHM of the Lorentzian distribution of the exciton
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FIG. 4. (a) Optical-absorption spectrum at 4.2 K. The solid
line represents measurements. The dotted line represents the
Gaussian distribution of 80 [Eq. (IS)] with I O=4. 7 meV. (b)
Optical-absorption spectrum at 295 K. The solid line represents
measurements. The dotted line represents the result calculated
from Eqs. (14), (15), and (17), assuming that the distribution
function of exciton lifetime has a Lorentzian distribution with
an average of ~= 300 fs and the FWHM of half the average (150
fs}.

FIG. 5. Spectrum broadening (F%HM) of the ground-state
electron-HH exciton resonance as a function of temperature.
Circles represent the results for sample I, triangles for sample
II, and squares for sample III. The arrow at 14.6 me V
represents the limit to observe exciton resonance as calculated
by Eq. (19) using p=0.04 and A,,„=14.5 nm. The solid lines
represent calculations by Eqs. (14},(15), (17), and (22}, using the
LO phonon energy ficoLo=30 meV and I h=130 fs. We as-

sumed that the distribution function of exciton lifetime is
Lorentzian with a FWHM of half the average. The dashed line
represents the contribution of thermal broadening from Eqs.
(17) and (22).
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lifetime was assumed to be half the average at any tem-
perature. Calculated values for the three samples are in
quite good agreement with measurements, supporting the
assumption on the scattering origin. Note that the tem-
perature dependence in the three samples with different
inhomogeneous broadening can be explained by the com-
mon thermal broadening function, showing that the exci-
ton lifetime is independent of inhomogeneous broaden-
ing. As a result, we can estimate the spectrum width at
any temperature as long as we know I Q. The dashed line
represents the FWHM of the thermal broadening func-
tion from Eq. (17). As temperature increases, the thermal
broadening exceeds the inhomogeneous broadening and
becomes the major factor in exciton spectrum broaden-
ing. However, note that the difference in the room-
temperature spectrum width between the three samples is
still caused by the difference in inhomogeneous broaden-
ing. To observe room-temperature exciton resonance by
limiting the spectrum width to 14.6 meV, we need quan-
tum wells with inhomogeneous broadening of less than
about 10 meV. Our three samples meet this criteria,
making exciton resonance visible at room temperature.

Now, we will discuss the origin of inhomogeneous
broadening in our three samples. Inhomogeneous
broadening due to composition fluctuation is characteris-
tic in quantum wells including alloy semiconductors.
Since the exciton radius is on the order of 10 nm and the
number of atoms included in the exciton volume is as
small as 10 to 10, excitons feel composition fluctuations
statistically, resulting in inhomogeneous broadenings.
Schubert ' showed that the broadening function due to
the statistical composition fluctuation obeys a Gaussian
distribution with the FWHM of

dE
I „,=2.35

dx

' 1/2
x(1 —x)

I( V3D
(23)

where x represents the composition of alloy, V3D is the
three-dimensional exciton volume, K is the atomic densi-
ty, and dE /dx is the change in the band-gap energy with
the composition. In bulk Ino»Gao~7As, Eq. (23) gives
I „,=1.6 meV using V&D =(4u/3)ao. Ino &&Gao ~7As lay-
ers grown by our MOVPE reactor typically have the
Gaussian 4.2-K photoluminescence spectra with a
FWHM of about 3.0 meV. We can regard the 4.2-K pho-
toluminescence spectrum width as inhomogeneous
broadening in optical-absorption spectra, since, at this
low temperature, we can neglect the broadening of the
Fermi-Dirac distribution function. The fact that the
spectrum is broader than the calculated one shows that
composition fluctuates not only statistically but also ma-
croscopically over a several-hundred-micrometer excited
area in photoluminescence measurements. To extend
Schubert's formula to quantum wells, we must take into
account the shrinkage of exciton volume due to quantum
confinement and the spread of the exciton wave function
to the binary InP barriers in very thin quantum wells.
Treating the variation in the band gap as the first-order
perturbation to the exciton energy, we obtain

1/2

BE,

(24)

where I „represents the contribution of macroscopic
fluctuations, Vzo is the exciton volume in quantum wells,
BE, /BE represents the distribution of the band-gap
change to the conduction band, and BE„/BE~ to the
valence band. The integral is performed in well regions
in the case of In, „Ga„As/InP quantum wells. (In
GaAs/Al~, Ga„As quantum wells, the integration is
done in Al& „Ga„As barriers. When the well width is 10
nm, the integral is negligible, and so is I &w. ) In 10-nm
InQ53GaQ47As/InP quantum wells, the contribution of
statistical fluctuation is calculated to be I &~=3.3 meV
setting I,„.=O meV and assuming BE, /BE =0.4 in Eq.
(24). We used VzD=mL~A, „, where . L~ is the well
width. This is the lower limit in inhomogeneous
broadening in this quantum well. The magnitude of mac-
roscopic composition fluctuations in our bulk layers is
calculated to be I „=(3.0~ —1.6~)'~ =2.5 meV. As-
suming that I „is independent of well width, Eq. (24)
gives I &w=4. 1 meV setting I „=2.5 meV. Kamei
demonstrated the 4.2-K photoluminescence spectrum
with a FWHM of only 3 rneV in a 50-period 10-nm
Ino 53Gao 47As/InP MQW. To our knowledge, this
FWHM is the narrowest reported in InQ 53GaQ 47As
MQW's, and is almost equal to the theoretically predict-
ed value due to the statistical composition fluctuations,
showing that his MQW has an almost perfect structure
with macroscopically homogeneous composition and
without other structural imperfections.

Another major component of inhomogeneous broaden-
ing is interface roughness, which causes well-width fluc-
tuation and thus a fluctuation in quantum confinement
energy. We attribute the difference in inhomogeneous
broadening among our three samples to this. According
to Eq. (16), the contribution of interface roughness is cal-
culated to be 2.3 meV for sample I, 4.4 meV for sample
II, and 7.4 meV for sample III using I &~=4. 1 meV. We
do not treat the contribution of nonperiodicity separately
(e.g. , the fluctuation in the average exciton energy be-
tween different wells) since the nonperiodicity in MQW's
is primarily caused by interface roughness of a single
quantum well, as we showed in Ref. 21. Composition
fluctuation is dominant in sample I, and interface rough-
ness in sample III.

It may be harder to obtain a smooth interface in
In() 53Gap 47As/InP quantum wells than in
GaAs/A1& Ga As quantum wells because the P and As
group V atoms with high vapor pressure must be com-
pletely changed at interfaces. Wang showed that
InAs, P interface layers was formed in MOVPE
growth during the growth interruption at interfaces of
InP to In() 53Gap 47As under an arsine purge. He
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demonstrated this atomic substitution at interfaces study-
ing the low-temperature photoluminescence energy of
InP whose growth was interrupted by an arsine purge.
The As composition increased with purge time and arsine
flow rate. This interface layer will decrease the quality of
interface partly because the substitution will occur inho-
mogeneously and partly because defects will be incor-
porated due to the strain. Kamei shortened the time
for growth interruption to 0.5 seconds to prevent the sub-
stitution, and obtained high-quality interfaces. We sup-
pose that his vertical-type MOVPE reactor is designed to
prevent convection and enables the fast gas switching
within this short period. In quaternary
InQ58GaQ42AsQ9PQ &/InP quantum wells, ' we reported
that the interface quality is greatly improved by lowering
the growth temperature below 570'C. We think that this
is another way to prevent the substitution. Improving
the reactor design to enable fast gas switching and devel-
oping methods to prevent atomic substitution at inter-
faces, very smooth interface can be obtained also in
Ino 53Gao 47As/InP quantum wells.

Chemla studied the temperature dependence of the ex-
citon spectrum width in a GaAs/Alo 2sGa072As MQW,
and fit Eqs. (12) and (13) to the experimental data using
I Q=4 meV, Aco&O=36 meV, and I zh=11 meV. ' The
spectrum width at 295 K is calculated to be 7.5 meV.
The broadening function B in our model gives the same
spectrum width using I Q=4 meV and 7=500 fs at 295 K.
We again assumed that f (w) obeys a Lorentzian distribu-
tion with the FWHM of half the average. Using
A'toto=32 meV and r„„=200fs in Eq. (22), the tempera-
ture dependence can be explained. The average lifetime
of 300 fs at 295 K in Ino»Gao 47As/InP quantum wells is
60% of that in GaAs/Alo 2sGao 72As quantum wells. The
thermal broadening is larger in Ino 53Gao 47As/InP quan-
tum wells primarily due to the larger exciton phonon
coupling represented by ~ h'. As a result, the room-
temperature spectrum width of about 11 meV in sample I
was much broader than that of 7.5 meV in
GaAs/AlQ p8GaQ 72As quantum wells, though the two
samples have nearly equal inhomogeneous broadening.

From the above discussion, we conclude that both the
presence of composition fluctuations in InQ53GaQ47AS
wells and the larger exciton phonon coupling makes the
exciton spectrum intrinsically broader in
Ino 53Gao 47As/InP quantum wells than in

GaAs/Al, Ga As quantum wells.
Equation (12) has been used to describe the tempera-

ture dependence of exciton spectrum width by other au-
thors. This equation explained the measured temperature
dependence quite well using LO phonon as the major
scattering source. Weiner has noticed that the contri-
bution of thermal broadening in InQ 53GaQ 47As quantum
wells is larger than that in GaAs quantum wells by com-
paring the parameter of I „ in Eq. (13). (In Ref. 20, we

discussed that the magnitude of thermal broadening is
similar in both quantum wells. We admit that this result
is based on our misunderstanding of the data presented
by Chemla' and is incorrect. ) His data on the tempera-
ture dependence (Fig. 2 in Ref. 22) are quite similar to
those of sample III. It is interesting to note that our data

and the calculated solid lines in Fig. 5 look as if some
kind of broadening factor common in the three samples is
summed to the inhomogeneous broadening. Thus, in the
sense that we can estimate the exciton spectrum width
from the inhomogeneous broadening by a very simple
analytical calculation, Eqs. (12) and (13) are useful. We
must note, however, that this is only an empirica1 equa-
tion and has no physical meaning. Thus, the relation be-
tween the excition lifetime and I T is not clear. Using the
uncertainty relation of K=A/I T, Miller and Chemla'
calculated the average exciton lifetime to be about 400 fs
in 10-nm GaAs/AlQ z8GaQ 72As quantum wells, and
Weiner calculated it to be 260 fs in
Ino 53Gao 47As/Ala ~zino 4sAs quantum wells. Surprising-
ly, these values coincide well with those we obtained
despite the different methods of analysis. Recall that the
broadening function due to the uncertainty
(1/nb)sin (E/b)/(E/b) has a FWHM of 5.56fi/r.
Thus, they used an incorrect relationship between the
width of broadening function and the average exciton
lifetime. This is the reason for their similarity with our
results.

Finally, we would like to comment on the electron-LH
exciton resonance. From the 4.2- and 295-K spectra in
Fig. 4, we can see that electron-LH exciton resonance is
weaker than electron-HH exciton resonance. The peak
absorbance decreases as temperature increases, probably
due to the same thermal broadening mechanism as in the
electron-HH excition resonance. To evaluate the spectra
quantitatively, we need to precisely extract the contribu-
tion of electron-LH transition from the measured spectra.
We did not do this procedure because it would cause fair-
ly large errors. We can say that the integrated intensity
is smaller primarily because Mow= —,

' in Eq. (9) ( —,
' the

size in electron-HH transition) for the electron-LH tran-
sition. Other characteristics of excitons such as the two-
dimensional radius, the effect of composition fluctuation,
and the coupling constant with LO phonons will be
slightly modified through the change in the reduced
effective mass.

V. CONCLUSION

We studied exciton optical-absorption resonance in

Inc»Gao 47As/InP quantum wells both theoretically and
experimentally. We discussed the theoretical formula for
the integrated intensity and the profile of exciton reso-
nance spectrum. Based on our model, we analyzed the
electron-HH exciton resonance spectrum in

InQ 53GaQ 47As/InP quantum wells grown by MOVPE.
We presented a formula on the integrated intensity ex-

plicitly including the material parameters of quantum
wells. The integrated intensity was experimentally deter-
mined to be 1.1X10 eV, which was about 70%%uo of that
in the GaAs/AlQ2~GaQ 75As quantum wells reported by
Masselink. ' The smaller integrated intensity is due to
the larger two-dimensional exciton radius caused by the
1arger static dielectric constant and the smaller in-plane
reduced effective mass.

We proposed that the profile of the exciton spectrum
be formed by the convolution integral between the
broadening function due to the spatial inhomogeneity of
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exciton energy and that due to the reduction of the exci-
ton lifetime by thermal phonon scattering. The inhomo-
geneous broadening function was found to be Gaussian at
low temperatures. We could explain the room-
temperature spectrum profile assuming that the distribu-
tion function of exciton lifetime is Lorentzian with a
FWHM half the average. The average exciton lifetime
was found to be 300 fs at 295 K. The temperature depen-
dence of the spectrum width is explained by this model
using LO phonons as the major source of exciton scatter-
ing. The exciton spectrum in In053Gao47As/InP quan-
tum wells is intrinsically broader than in
GaAs/Al, „Ga As quantum wells due to composition
fluctuation in In() 53Ga047As wells and the larger exciton
phonon coupling.

We conclude that Inn 53Gao 47As/InP quantum wells

intrinsically have weaker exciton resonance than
GaAs/Al, ,Ga As quantum wells. There is a key point
to observe exciton resonance at room temperature in this
quantum well: to limit the inhomogeneous broadening to
below about 10 meV. Our three samples satisfied this
condition, and showed room-temperature exciton reso-
nance. The analysis used in this paper can also be used to
study the exciton resonance in other quantum wells.
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