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This paper presents a systematic study on the optical characteristics of ground-state electron—heavy-
hole excitons in In; _,Ga,As,P,_,/InP quantum wells, specifically focusing on the resonance energy,
spatial energy inhomogeneity, and optical-absorption strength. The exciton resonance energy can be
predicted by conventional effective-mass equations. The low-temperature broadening of the photo-
luminescence spectrum was studied in relation to the composition of In,_,Ga,As,P,_, and the excita-
tion power density. We show the composition of In,_,Ga,As,P,_, fluctuates not only statistically
within the exciton volume but also macroscopically, which is the primary cause for the inhomogeneous
broadening of the exciton resonance in In;_,Ga,As,P,_,/InP quantum wells. The exciton migration
over macroscopically fluctuating In, ,Ga,As,P,_, and its preferential recombination in the lower-
energy regions is discussed based on our calculation of the exciton lifetime. The integrated intensity of
the optical-absorption spectrum of exciton resonance was found to increase as the well band gap in-
creased. Our theoretical formula indicates that this band-gap dependence is quantitatively correlated
with the two-dimensional-exciton radius. We show that both the exciton radius and the magnitudes of
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composition fluctuations
In,_,Ga,As,P,_, /InP quantum wells.

I. INTRODUCTION

Semiconductor quantum wells are fabricated by layer-
ing different thin semiconductor films and controlling the
potential profile in the conduction and valence bands.!
The motion of electrons and holes confined in the quan-
tum wells is effectively restricted to two dimensions,? giv-
ing rise to various physical phenomena not observable in
bulk materials. The most striking optical characteristic is
that exciton optical-absorption resonances can be ob-
served even at room temperature. This was first found in
GaAs/Al,_,Ga,As quantum wells.> The Stark shift*
and the large optical nonlinearity’ of the exciton reso-
nances enable the modulation of the dielectric constants
in quantum wells to a much greater extent than in bulk
materials, making it possible to develop additional optical
devices such as high-speed optical modulators,® optical
switches, optical bistable devices [self-generated electro-
optic effect devices (SEED’s)],® and bistable lasers.’

The combination of InP barriers with
In; ,Ga,As,P,_, wells lattice matched to InP is the
most attractive candidate for making devices that work
in optical communication systems since the ground-state
exciton energy can be tuned to around 1.3 and 1.55 um
(Ref. 10). High-quality quantum-well structures have
been frequently reported in the literature because of the
recent progress in gas-phase growth techniques such as
metalorganic vapor-phase epitaxy (MOVPE),!!"!° gas-
source molecular-beam epitaxy,’®?! and chemical-beam
epitaxy.”? Exciton resonances'®!72%2* and their Stark
shift>>2% were observed in the room-temperature optical-
absorption spectra. To develop new optical devices using
In,_,Ga,As,P, ,/InP quantum wells, the exciton
characteristics specific to this quantum-well system must
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primarily determine

the exciton optical-absorption strength in

be known, as well as the characteristics dependent on the
composition of In,_,Ga,As,P;_, wells. Sufficient
knowledge of these topics has not been acquired.

This work presents a systematic study of the ground-
state  electron—heavy-hole exciton resonance in
In;_,Ga,As,P;_,/InP quantum wells, specifically
focusing on the resonance energy, spatial energy inhomo-
geneity, and optical-absorption strength. Exciton reso-
nances in low-temperature photoluminescence spectra
and optical-absorption spectra are analyzed. We present
a theoretical formula for the exciton recombination life-
time, in addition to the exciton optical-absorption spec-
trum derived in our previous work.”” We show that the
composition of our In;_,Ga,As,P,_, layers fluctuates
not only statistically within the exciton volume but also
macroscopically, which is the primary cause for inhomo-
geneous broadening of the resonance spectrum in our
quantum wells. Migration of excitons through alloys
with macroscopically fluctuating compositions and their
preferential recombination in lower-energy regions is
quantitatively discussed based on our calculation of exci-
ton lifetime. The integrated intensity of the optical-
absorption spectra of exciton resonances is correlated
with the band gap of well materials and also with the
two-dimensional exciton radius. We show that the exci-
ton  optical-absorption  strength, dependent on
In,_,Ga,As,P,_, composition, is dominated by the
two-dimensional exciton radius and the magnitude of
composition fluctuations.

II. EXPERIMENT

The samples studied were undoped In;_,Ga,As,P,_,
layers, In; _, Ga, As,P,_, /InP single quantum wells, and
periodic multiple quantum wells (MQW?’s). We first grew
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undoped 200-nm InP buffer layers on (100)-oriented InP
substrates, followed by the samples by low-pressure
MOVPE. The growth temperature was around 600 °C.
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 6 liters per minute. The As
composition was y=1.0, 0.9, and 0.6 in the quantum
wells. The double-crystal x-ray-diffraction measurements
revealed the bulk In, ,Ga,As P, _, layers are closely
lattice matched to InP, satisfying the relation of
x=0.47y. We grew a series of single In, _,Ga,As,P,_,
quantum wells with different well widths, each separated
by 50-nm InP layers. Also, a 200-nm bulk
In; ,Ga,As,P, , layer was grown on an InP substrate.
The well width L, varied from 1 to 20 nm. The MQW’s
consist of alternating 10-nm In, _,Ga,As,P,_, wells and
10-nm InP barriers for 20 periods.

In one period of a MQW, the well and barrier layer
thicknesses were determined by analyzing small-angle x-
ray-diffraction patterns.?®?® Using these measured
thicknesses and the growth times, we determined the
average growth rate of the In,_,Ga,As,P,_, and InP
layers. For single quantum wells, the thickness of the
well layers was estimated from the growth time.

We measured the photoluminescence spectra of our
samples at 4.2 K. A 647.1-nm Kr™" laser was used to ex-
cite samples immersed in liquid He. The diameter of the
focused laser beam was estimated to be about 250 um
from the reflected intensity profile on the wafer edge.
The excitation power density was varied between 500 and
0.5 W/cm?. Photoluminescence was dispersed by a 50-
cm monochromator and detected by a PbS detector using
a conventional lock-in technique.

We measured the optical-absorption spectra of MQW’s
at 77 and 295 K. The light of a halogen lamp dispersed
by a 32-cm monochromator was focused to a diameter of
250 pym on the MQW samples. The light transmitted
through the sample was detected using a PbS detector
and a lock-in amplifier. The optical absorbance of a
quantum well, aLqw, was determined by
aLqw=(1/N)n(I,/I,), where I, and I, are the intensi-
ties of the light transmitted from a sample and from an
InP substrate and N is the number of the wells. Taking
the period in a MQW structure as Lqw, @ represents the
average optical-absorption coefficient of a quantum well.

III. EXCITON ENERGY

In photoluminescence measurements, electrons and
holes are excited by photon absorption high into the con-
duction and valence bands and relax to the band edges by
the phonon scattering within a time of about 1 ps (Ref.
30). At the liquid-He temperature 4.2 K, the exciton
binding energy is larger than the thermal energy kT in
II1-V semiconductors, and excitons are formed according
to the thermodynamic equilibrium as the lowest excited
states.3"'32 Figure 1 shows the typical 4.2-K photo-
luminescence spectra of stacks of quantum wells and a
200-nm bulk layer of ternary Ing 53Gag 47As (y =1.0) suc-
cessively grown on an InP substrate. The width of
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FIG. 1. Photoluminescence spectra of stacks of

Ing 53Gag 47As/InP single quantum wells and a 200-nm bulk lay-
er at 4.2 K. The widths of Ing 53Gag 4;As layers are estimated to
be 1.3, 2.5, 5, 10, 15, and 20 nm. The InP barrier layers are 50
nm thick. The sharp lines can be attributed to the ground-state
electron—heavy-hole exciton recombinations.

Ing 53Gag 47As is 1.3, 2.5, 5, 10, 15, 20, and 200 nm. We
can attribute sharp lines to the ground-state exciton
recombinations and the peak energy to the exciton energy
in each quantum well and a bulk layer. The spectra of
the 5- and 1.3-nm quantum wells have subpeaks at the
lower-energy side of the main spectrum as designated by
arrows. The splitting energy of the sub and main peaks is
about 5 meV in the 5-nm quantum well and about 37
meV in the 1.3-nm quantum well. Such subspectra that
appear in low-temperature photoluminescence have been
studied extensively in the literature®3* and are attributed
to the recombination of excitons in monolayer thicker
area whose lateral size exceeds the extent of the exciton’s
two-dimensional wave functions.

Figure 2 plots the peak energy of 4.2-K photolumines-
cence main spectra as a function of the width of
In, ,Ga,As, P, , in quantum wells. The arsenic com-
position is y =1.0, 0.9, and 0.6. The peak shifts from the
band gap of bulk In 53Gag 4;As (0.808 eV) toward higher
energy as the arsenic composition y decreases due to the
increase in the band gap of the In;_,Ga,As,P,_, wells
and as the well width decreases due to the quantum
confinement effect. The solid lines represent the exciton
energy calculated by the effective-mass equation:3’

Eo=E,+(¢,(z,)|H,|¢,(z,))

+ (Y (z,) | Hy [, (2,)) +(P|H, D), (1)
# 9
¢ 2m, az3+V"(z")’ @
#  d?
H,=— —+V,
h 2my, az,f W) s 3)
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where E, is the band gap of In,_,Ga,As,P,_,, # is
Planck’s constant divided by 2, z, and z, are the per-
pendicular coordinates to the quantum-well layers of an
electron and a hole, respectively, r is the in-plane distance
between an electron and a hole, m, is the effective mass
of an electron, m, is the effective mass of a hole in the
direction perpendicular to the quantum well, u is the in-
plane exciton reduced effective mass, ¢ is the envelope
function of excitons, V,(z,) and V), (z,) are the quantum-
well potentials in the conduction and valence bands, re-
spectively, e is the charge of an electron, € is the static
dielectric constant, ¥,(z,) is the electron envelope wave
function describing confined states, 1,(z,) is the hole’s
wave function, R is the in-plane center of mass of an elec-
tron and a hole, K is the wave vector of its motion, and D
is the area of the quantum well. We use®’
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FIG. 2. Photoluminescence spectrum peak energy as a func-
tion of the width of In,_,Ga,As,P,_, at 4.2 K. The arsenic
composition of In,_,Ga,As,P,_, is y=0.6, 0.9, and 1.0 with
x=0.47y. The solid lines are the calculated results based on
Egs. (1)-(7).
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to describe the in-plane motion of excitons, where A,
represents the two-dimensional exciton radius. On the
right-hand side of Eq. (1), the second and third terms
represent the quantum confinement energy of an electron
and a hole, respectively. The fourth term represents the
exciton binding energy, which can be calculated varia-
tionally by>’

EB(}‘ex):

¢>> , 1)

#” el < 1
2ure,  Amel |p
where p=[r2+(z,—z,)*]'"/2. The discontinuity in the
conduction band between InP and In,_,Ga,As,P,_,
was assumed to be 40% of the band-gap difference, and
60% in the valence band.*® In our calculations, we used
the material parameters of bulk In, ,Ga,As,P, ,. The
effective masses of electrons and holes are obtained by a
linear interpolation of the values listed by Pearsall:>’
m,=0.041m, and m, =0.5m, for y =1.0, m,=0.044m,
and m;,=0.5m, for y=0.9, m,=0.053m, and
m,=0.5my for y=0.6, and m,=0.08m, and
m, =0.56m, for InP. We estimated the dielectric con-
stants by a linear interpolation between €=13.9¢, for
Ing 53Gag 47As (y =1.0) and e€=12.4¢, for InP (y=0)
(Ref. 38). (These material parameters are used also in
Sec. IV to calculate the magnitudes of statistical composi-
tion fluctuations.)

The equations satisfactorily explain the dependence of
the exciton energy on the composition and the well
width. In particular, when wells are thicker than 10 nm,
Egs. (1)=(7) can precisely predict the energy shift. Both
experimental and theoretical results show that the exci-
ton energy can be continuously tuned between
Ing 53Gag 47As and InP by controlling the composition of
In;_,Ga,As,P,_, and/or the well width. Its wave-
length is what we need for the devices that work in opti-
cal communication systems. The important characteris-
tics of quantum wells such as the density of state per unit
volume,? the oscillator strength of exciton transitions,>®
and the Stokes shift of exciton resonance® strongly de-
pend on the well width. Thus, the width should be pref-
erentially optimized for each device to attain excellent
performance. Using quaternary In; _,Ga,As,P,_, as a
well material, we can control the exciton energy by
changing the composition of the quaternary well along
the lattice-matching condition of x =0.47y with an op-
timal well width.

In thinner quantum wells, the measured points fall
below the theoretical lines, as often found by others.!”
Morais et al.®* studied multiple peak spectra that ap-
peared in low-temperature photoluminescence of very
thin single quantum wells. They attributed these spectra
to the exciton recombinations in two- to six-monolayer is-
lands and showed that the energy shift agreed well with
the theory. The discrepancy in our quantum wells be-
tween the theoretical and experimental results may have
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been caused by the layer thickness being underestimated
due to the nonlinear growth rate.

IV. INHOMOGENEOUS BROADENING

The broadening of low-temperature photoluminescence
spectra represents the spatial inhomogeneity of the exci-
ton energy. Figure 3 shows the photoluminescence spec-
trum width [full width at half maximum (FWHM)] as a
function of the width of In,_,Ga,As,P,_, single quan-
tum wells and bulk layers. The spectra broadened as the
well width and the arsenic composition y decreased. The
composition dependence of the spectrum width is prob-
ably caused by the difference in the broadening among
bulk In,_,Ga,As,P,_, layers: 7.0 meV for y=0.6, 4.3
meV for y =0.9, and 3.0 meV for y =1.0.

Spectrum broadening in bulk layers can be attributed
primarily to composition fluctuations. Since the exciton
radius is on the order of 10 nm, the number of atoms in-
cluded in the exciton volume is as small as 10° to 10°
cm™3; excitons statistically “feel” composition fluctua-
tions, resulting in inhomogeneous broadening of the
exciton-resonance spectrum. According to Schu-
bert et al.,*® the statistical composition fluctuation in
In,_,Ga,As, P, , causes a Gaussian-type broadening
with the FWHM of

Co=[f(x)+f(p)?]%, (8)
where
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FIG. 3. Photoluminescence spectrum width (FWHM) at 4.2
K as a function of the width of In;_,Ga,As,P,_,. The arsenic
composition is y =1.0, 0.9, and 0.6 with x =0.47y. The dashed
lines are guides for the eye.
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V,p is the three-dimensional exciton volume, K is the
density of group-III or group-V atoms, and JE, /0x is the
change in the band-gap energy with the composition x.

In Fig. 4, we plotted both the calculated I'y, (solid line)
and the measured photoluminescence spectrum width
(open circles) at 4.2 K as a function of the arsenic compo-
sition y. In addition to the three bulk layers whose spec-
trum widths are shown in Fig. 3, we also plotted the re-
sults of other 0.5—um bulk layers. Since the exciton en-
velope wave function of the relative motion in bulk ma-
terials is spherical, we assumed V,p=(47/3)a’, where
the three-dimensional exciton radius is given as
a=0.053(my/ pn)(e/€y) nm based on the effective-mass
approximation.*! The calculated line has a maximum of
about 4 meV around y =0.3 and is zero for binary InP.
The measured widths are broader than the calculated
ones, with the exception of the sample indicated as No. 1
in Fig. 4. Therefore, the results of photoluminescence
measurements suggest that composition fluctuates not
only statistically but also macroscopically over the 250-
um excited area.

We use the following model for macroscopic composi-
tion fluctuations. Bulk materials are divided into pieces
whose volume is large enough to neglect the statistical
fluctuations (a 100-nm cube, for example). Suppose that
the average composition of In; ,Ga,As,P,_, in each
piece fluctuates according to a Gaussian distribution with
a FWHM of Ax and Ay. The spectrum broadening due
to the fluctuation can be written as
3E, |’

Ax2+
ox

2
Ay?

172
Eg

dy

mac

(10)

Assuming that the statistical broadening within the exci-
ton volume in each piece does not vary, the exciton spec-
trum width (FWHM) in bulk layers can be written as
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FIG. 4. The solid line represents the spectrum width
(FWHM) of In,_,Ga,As,P, _, bulk layers due to the statistical
composition fluctuations as a function of the arsenic composi-
tion of y (x =0.47y). The open circles represent the measured
4.2-K photoluminescence spectrum widths.
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Substituting the measured spectrum width for I' ., and
the calculated values for I'y;, in Eq. (11), I, can be cal-
culated. In the In,_,Ga,As,P,_, bulk layers of Fig. 3,
for example, the calculations yield 2.5 meV for y =1.0,
3.8 meV for y =0.9, and 6.3 meV for y =0.6. These fluc-
tuations in energy correspond to several tens of
angstroms in wavelength, around 1% in the group-III
and/or group-V species from Eq. (10).

Macroscopic composition fluctuations could be detect-
ed by studying the excitation power dependence of the
photoluminescence spectrum broadening. Figure 5
shows the 4.2-K photoluminescence spectrum width
(FWHM) as a function of the excitation power for sam-
ples 1, 2, and 3 as designated in Fig. 4. The excitation
power for the measurements used in Figs. 1-4 was above
200 W/cm?. The spectrum width of sample 1, which was
almost identical to the calculated statistical broadening in
Fig. 4, was almost independent of the excitation power.
However, in samples 2 and 3, the spectrum gradually nar-
rowed when the excitation power dropped below about
200 W/cm?; below 10 W/cm?, the spectrum saturated.
Figure 6 shows the photoluminescence spectra of (a) sam-
ple 1 at 490 W/cm? (solid line) and at 1.1 W/cm? (dashed
line) and (b) sample 2 at 400 W/cm? (solid line) and at 1.0
W/cm? (dashed line). In both parts of this figure, the
peak intensities are normalized. At high excitation
power, both samples show almost symmetrical spectra
approximating Gaussian distributions, except for the long
tails on both sides. At low power, the spectrum of sam-
ple 2 lacks the shorter wavelength, becoming asymmetric,
while the profile of sample 1 is almost unchanged. This
excitation power dependence of the low-temperature pho-
toluminescence spectrum profile was first reported by
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FIG. 5. Photoluminescence spectrum width (FWHM) at 4.2
K as a function of the excitation power density for samples 1, 2,
and 3 indicated in Fig. 4.
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Schubert and Tsang.*> They suggested that the recom-
bination lifetime of excitons increased as the excitation
power decreased, making the diffusion length of excitons
longer, and that excitons recombine preferentially in the
lower-energy regions. In their experiments, the satura-
tion of the spectrum width at both higher and lower exci-
tation intensities was not found. We will explain this
phenomenon quantitatively as follows.

Based on the effective-mass approximation, the time-
dependent perturbation theory, and Einstein’s relation,*
the radiative recombination rate of excitons per unit
volume in bulk materials is given as

nezE

R(Nx)_——
C mec’miBtV

Z AP, f(K[1—f, ()],

(12)

where c is the speed of light, » is the refractive index, V is
the volume of bulk materials, and P, is the transition-
matrix element between the conduction-band and
valence-band Bloch states. An exciton state is formed by
the linear combination of the product of single-particle
Bloch states in the conduction and valence bands. A(k)
is its expansion coefficient, f,(k) and f,(k) are the
Fermi-Dirac distribution functions in the conduction
band and in the valence band, respectively, and k is the
wave vector. Note that the recombination rate is a func-
tion of the electron-hole pair density N.,. Performing
the summation in k space, we could reduce Eq. (12) to

252
RN, )=——% 0% 1
ex)_ Wzﬁ3C2Q ’ (13)
where
2e%#|P,, |*
S=———""— (14)
egcnmE . a

is the integrated intensity of the optical-absorption
exciton-resonance spectra in bulk materials, and

w 42 f (1) (t/a)
o=/ fl/all=/ule/e)) (15)
a(1+¢2)?

Here, we used the relatlve motion envelope wave func-
tion of ¢(r)=1/(ma®)"?exp(—r/a) (Ref. 41). We take
P, at band edges. [In quantum wells, S is replaced by
Eq. (22) in Sec. V. Q is modified to account for the two-
dimensional motion of excitons.] In the steady state, the
radiative recombination rate relates to the generation
rate by

G=R(N,)+N. /Tg » (16)

where 7wy is the nonradiative recombination lifetime.
We assume that all photoexcited electron and hole pairs
recombine through exciton states. Thus, the recombina-
tion lifetime of excitons is written as

=N, /G , (17)

and can be calculated as a function of G for a given Tyg.
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FIG. 6. (a) 4.2-K photoluminescence spectra of sample 1 at
the excitation power of 490 W/cm? (solid line) and 1.1 W/cm?
(dashed line). (b) 4.2-K photoluminescence spectra of sample 2
at the excitation power of 400 W/cm? (solid line) and 1.0
W/cm? (dashed line).

Figure 7 shows the calculated exciton lifetime at 4.2 K
for y=0.5 In; ,Ga,As,P,_, as a function of the gen-
eration rate of excitons in the case of 7yg = and 1 ns.
We evaluated S =24 eV/cm in Eq. (14) using e =13.7 nm
and calculating P, by Kane’s band model (see Ref. 27 for
a detailed calculation). We used 0.057m, as the
electron’s effective mass and 0.5m as the hole’s effective
mass for calculating the distribution function. As the
generation rate exceeded 1X10%° cm™3s™ !, the exciton
lifetime became saturated below 1 ns, which is due to the
saturation of the exciton density over 1 X 10'® cm ™3, The
lifetime monotonically increased as the generation rate
decreased. When the nonradiative recombination process
became dominant, the lifetime became 7wy as shown in
the case of g =1 ns.

We can relate the excitation power density to the gen-
eration rate of excitons by

G:H(I-R)P ’ (18)
fiwd

-
o

Lifetime of excitons (nsec)

In, 7Gag 23 AsosRs
(y=0.5) |
.1 0yl L b1l I ¢| 1l 1 1 Lo
0 1021 1022 1 023 1 024 1 025 1 026

Generation rate (cm3s™)

FIG. 7. Calculated lifetime of excitons at 4.2 K in bulk
Ing 77Gag 23A80.5Pos (y=0.5) as a function of the generation
rate using the nonradiative recombination lifetime 7yg of o and
1 ns. The arrow at G=8X10** s~ cm 3 corresponds to the ex-
citation power of P=200 W cm 2 and G=4X10**s"'cm™ to
P=10Wcm™2
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where R is the reflectivity, #iw is the incident photon en-
ergy, d is the thickness of the In, ,Ga,As,P,_, layer,
and 7 is the quantum efficiency of the electron-hole pair
generation in the In,_,Ga,As P, _, layers. We set the
variables to fiw=1.92 eV, R =0.3, 7=1, and d =0.5 um.
A power density of 200 W cm ™2, the higher critical point
for spectrum width saturation, corresponds to the arrow
at G=8X10%* cm 3s7! in Fig. 7. The lower critical
point, P=10 Wcm ™2, corresponds to the arrow at
G=4X10"%cm3s™!

The close correlation between the measured spectrum
width in Fig. 5 and the exciton lifetime at 7z =1 ns in
Fig. 7, as a function of the excitation intensity, il-
luminates the features of exciton migration through ma-
croscopically fluctuating alloys. When P >200 W cm 2,
the exciton density becomes saturated in k space, inhibit-
ing the movement of excitons in real space. In this re-
gion, the spectrum broadening represents the spatial in-
homogeneity of the exciton energy over the excited area.
As the excitation power decreases, the number of exci-
tons decreases from its saturation density, and excitons
begin to migrate and recombine preferentially in the
lower-energy region. This process makes the resonance
spectrum asymmetric as observed in Fig. 6(b). When the
exciton lifetime equals the nonradiative lifetime, the
diffusion length becomes saturated and the spectrum
stops narrowing. Sample 1 is expected to have almost
homogeneous composition distributions and shows no
spectrum change.

We can estimate the spatial size of macroscopic com-
position fluctuations from the diffusion length of excitons
given by

L=vV'D,_r1. 19)

The diffusion coefficient of excitons D,, is given by
Einstein’s relation D, =(kT/e)u,, where k is
Boltzmann’s constant and ,uex is the mobility of excitons.
Setting ., = 1000 cm 2v~1s7! T=4.2 K, and 7=1 ns,
we obtain L =1900 A. ThlS number represents the size of
bulk materials with homogeneous composition. The sa-
turated spectrum width at low excitation power density
in samples 2 and 3 is still larger than the calculated sta-
tistical broadening. This shows that homogeneous com-
position regions exist with a somewhat larger extent.

To extend the composition fluctuation formula from
bulk to quantum wells, we must take into account both
the shrinkage of the 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 of exciton energy, we derived the spectrum
broadening in quantum wells as?’
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where ¥V, is the two-dimensional exciton volume,
dE./dE, represents the distribution of the band-gap
change to the conduction band, and dE, /aEg the distri-
bution to the valence band. The integral is performed in
In;_,Ga,As,P,_, well regions. The contribution of the
statistical composition fluctuation increases with the de-
crease of the well width due to the exciton shrinkage. We
assume that broadening due to macroscopic composition
fluctuation remains constant despite well width. We can
calculate the exciton spectrum broadening in quantum
wells using the magnitudes of statistical and macroscopic
composition fluctuations in bulk layers. Singh and Ba-
jaj** also derived a formula for the exciton spectrum
broadening due to composition fluctuations in quantum
wells. The major difference between our Eq. (20) and Eq.
(8) in Ref. 44 is that we take into account the effects of
exciton shrinkage and macroscopic composition fluctua-
tion on spectrum broadening.

In Fig. 8, we illustrate the well-width dependence of
the measured spectrum width (FWHM) taken from Fig. 3
on the calculated results for (a) y =1.0, (b) y=0.9, and
(c) y=0.6 quantum wells. We use V,p =7L; A2, where
Ly, is the well width and the two-dimensional exciton ra-
dius is variationally calculated as a function of the well
width by Eq. (7). We took dE./dE,=0.4. We used the
reduced effective mass and the dielectric constant of bulk
In;_,Ga,As,P,_,. The calculated width increases as
the well width decreases to about 2 nm due to the shrink-
age of exciton volume, and then decreases due to the
spread of exciton wave function into InP barriers. In
quantum wells with widths greater than about 5 nm, the
measured spectrum width agrees well with the calcula-
tion, showing that spectrum broadening is dominated by
composition fluctuations. In thinner quantum wells, the
measured spectrum becomes broader than the calcula-
tion, which can be attributed to roughness at the inter-
faces. The substitution between the group-V atoms P and
As during the growth interruption at interfaces is as-
sumed to be the main cause for this spectrum broadening.
This process is discussed in our previous works.!7?’

The open symbols in Fig. 8 represent the 4.2-K spec-
trum width (FWHM) in 20-period MQW’s of each com-
position. The width of the wells are Ly, =10.3 nm for
y=1.0 MQW, L;=9.5 nm for y=0.9 MQW, and
Ly,=10.2 nm for y=0.6 MQW. The spectrum width is
only slightly larger than that of single quantum wells,
showing that the broadening is dominated also by compo-
sition fluctuations. Figure 9 shows the excitation power
dependence of the photoluminescence spectrum width in
three MQW’s at 4.2 K. As the excitation power de-
creases, the spectrum widths begin to decrease and satu-
rate at critical power densities, showing the presence of
macroscopic composition fluctuations in quantum wells
as in bulk materials.

V. EXCITON OPTICAL-ABSORPTION SPECTRA

We presented a theoretical formula of the exciton-
resonance optical-absorption spectrum in a previous
work.?’” The optical absorbance of the spectrum in a
quantum well is given by
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FIG. 8. Photoluminescence spectrum width (FWHM) at 4.2
K as a function of the width of In, ,Ga,As,P,_, for (a)
y=1.0, (b) y=0.9, and (c) y=0.6. The solid symbols represent
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Solid lines are the calculated spectrum width due to composi-
tion fluctuations by Eq. (20).
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aexLQW:SB(ﬁw_EEX) » (21)
where
4e’#|P, |2
S=—F— (4, (2)|1h,(2))|? (22)
€Ocnm%Eex}"gx| 1/} |¢h |
and
B(fio—E,)=[" _Bo(fio—E, +E)Br(E)E . (23)

S is the integrated intensity of the resonance and
B(#iw—E_,) is the broadening function around the exci-
ton energy. In Eq. (23), B, is the broadening function
due to the inhomogeneity of the exciton energy and B is
that due to the energy uncertainty of the exciton states
that are quasistable by optical phonon scattering at high
temperatures. We can represent a Gaussian distribution
as B,. By can be described as
sin(E /b)

w f(T
E_
=1 (E/bR

with b=2%/7;, where f(7,) represents the normalized
distribution function of the exciton lifetime 7,. In our
previous work,?’” we found that f(r;) obeys a Lorentzian
distribution with a FWHM of half the average in
Ing 53Gag 47As/InP quantum wells.

Figure 10 shows (a) 77-K and (b) 295-K optical-
absorption spectra of In, ,Ga,As,P,_, /InP MQW’s
with compositions of y =0.6, 0.9, and 1.0, whose low-
temperature photoluminescence spectra were studied in
Figs. 8 and 9. Due to the decrease in the band gap of the
well layers, the absorption edge shifted toward a longer
wavelength as the temperature and the arsenic composi-
tion increased. We can observe resonance spectra of the
ground-state electron—heavy-hole excitons at the absorp-
tion edges and of the electron-light-hole excitons over

(24)
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the steplike absorption continuum. Taking the peak of
the spectra as the exciton energy and using the low-
energy side of the spectra, we extracted the contribution
of the electron—-heavy-hole exciton resonance.

The integrated intensity of the resonance spectrum,
represented by the shaded regions in Fig. 10(a), depends
little on temperature and is a parameter specific in each
quantum well as we have shown previously.?’” The mea-
sured values at 77 K are 1.06X10™* eV in the y=1.0
MQW, 1.01X107* eV in the y=0.9 MQW, and
1.26 X107 * eV in the y =0.6 MQW.

We calculated the integrated intensity using Eq. (22)
for the three quantum wells:

S=2.32X1072/A2 eV (
S=2.15X10"2/A2% eV
S=1.75X10"2/A% eV

y=1.0), (25)
(»y=0.9) , (26)
(»y=0.6) , 27)

where A, is in nanometers. The detail in the calculation
is described in Ref. 27. Substituting the measured in-
tegrated intensity into the above formula, we obtain the
two-dimensional exciton radius for the three quantum
wells: A, =14.8 nm for y=1.0 MQW, A_,=14.5 nm for
y=0.9 MQW, A_,=11.8 nm for y =0.6 MQW.
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FIG. 10. Optical-absorption spectra of 20-period
In,_,Ga,As,P, ,/InP MQW?’s at (a) 77 K and (b) 295 K. The
well and barrier layers are about 10 nm thick. The composition
isy=1.0, 0.9, and 0.6 with x =0.47y.
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Figure 11 shows the measured integrated intensities
and the calculated two-dimensional exciton radii as a
function of the room-temperature band gaps of well ma-
terials. In addition to the three In;_,Ga,As,P, ,/InP
MQW’s, we also plotted the integrated intensity of
1.6 X10* eV in 10-nm GaAs/Al,,sGay ;5As quantum
wells reported by Masselink et al.* and the radius of 9.7
nm, which we calculated.?’” As the band gap increases,
the integrated intensity increases from 1.06 X107 * eV in
Ing 53Gag 47As to about 1.5 times this in GaAs. The two-
dimensional exciton radius decreases from 14.8 nm in
Iny 47Gag s3As to 9.7 nm in GaAs. The smaller integrated
intensity in long-wavelength In,_,Ga,As, P, ,/InP
quantum wells is primarily due to the larger exciton ra-
dius, rather than to GaAs quantum wells. The exciton
radius is related to both the static dielectric constant and
the in-plane reduced effective mass as can be seen in Eq.
(7). Thus, the band-gap dependence of these two material
parameters explains that of the radius.

The exciton spectrum profile at 77 K obeyed a Gauss-
ian distribution with a FWHM of 4.7 meV for y =1.0, 6.3
meV for y =0.9, and 7.2 meV for y=0.6 MQW. These
values agree with the photoluminescence spectrum width
at 4.2 K measured at high excitation power as seen in
Fig. 9. This shows that the inhomogeneous broadening
dominates spectrum broadening and that the effect of
thermal broadening can be neglected at this low tempera-
ture. At room temperature, the exciton spectrum
broadened further to 11 meV in y =1.0 MQW, 12.5 meV
in y=0.9 MQW, and 14 meV in y =0.6 MQW. In the
In, 53Gag 4;As/InP quantum wells,”’ the spectrum profile
could be explained by Egs. (23) and (24) assuming that
the average exciton lifetime was 300 fs. We could not
find any significant differences in the thermal broadening
function between the three MQW’s. Thus, the difference
in the spectrum broadening up to room temperature is
primarily caused by the differences in the magnitudes of
composition fluctuations.

The optical absorbance of the exciton resonance is pro-
portional to the integrated intensity and is approximately
the inverse of the width of the broadening function.
Thus, we can say that the exciton’s optical-absorption
strength in In; _, Ga, As,P,_, /InP quantum wells varies
as a function of the composition depending on the two-
dimensional exciton radius and the magnitude of compo-
sition fluctuations.

VI. CONCLUSION

We systematically studied the optical characteristics of
the ground-state electron—heavy-hole excitons in
In,_,Ga,As,P,_,/InP quantum wells grown by
MOVPE. We specifically focused on the resonance ener-
gy, spatial energy inhomogeneity, and optical-absorption
strength.

The optical absorbance of the exciton resonance spec-
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FIG. 11. The solid circles represent the measured integrated
intensity of the ground-state electron—heavy-hole exciton reso-
nance as a function of the room-temperature band gap of well
materials. The values for the GaAs/Al;Gay;As quantum
wells are from Ref. 39. The open squares are the calculated
two-dimensional exciton radius using the measured integrated
intensity from Egs. (22) and (25)-(27).

trum in quantum wells is described by the product of the
integrated intensity and the normalized broadening func-
tion around the resonance energy. The exciton resonance
energy can be tuned between the Ing 5;Ga; 4;As and InP
band gap by controlling the composition and/or the
width of the In;_,Ga,As,P,_, wells. Its wavelength is
what is needed for optical communication system devices.
The inhomogeneous broadening of the resonance spec-
trum is primarily caused by two kinds of composition
fluctuations in In;_,Ga,As,P;_, wells: the statistical
composition fluctuations that occur over the extent of ex-
citon envelope wave functions, giving the lowest limit on
the inhomogeneous broadening; the macroscopic compo-
sition fluctuations with about 1% in the group-I1I and/or
group-V species. Based on the analysis of the excitation
power dependence of the low-temperature photolumines-
cence spectrum, the size of the homogeneous composition
area was estimated to be about a few thousand angstroms
in our In; _,Ga,As,P,_,. We also found the integrated
intensity of the resonance spectrum increased as the band
gap of the well materials increased. This band-gap
dependence correlates with that of the two-dimensional
exciton radius. The optical absorbance of the exciton res-
onance in In,_,Ga,As,P,_,/InP varies with the com-
position depending on both the two-dimensional exciton
radius and the magnitude of the composition fluctua-
tions.
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