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The physical properties (transition energy, oscillator strength, linewidth, binding energy, and
reduced effective mass) of room temperature excitons in compressively strained InGaAs/
InGaAlAs multiquantum-well (MQW) structures as a function of the well width have been
investigated for the first time by both absorption measurements and photomodulated
transmittance measurements. Photomodulated transmittance spectroscopy has been successfully
applied to clearly reveal critical transition points. Measured transition energies are in good
agreement with a model which includes the heavy hole and light hole splitting due to the strain.
For well widths of 2.5-7.5 nm, oscillator strengths are smaller for the strained layer MQWSs than
for the lattice-matched MQWSs by 35%—45%. This is due to the larger exciton radius for the

strained MQWs resulting from smaller in-plane reduced effective masses (0.03 1-0.038m,),
which are 65% of those of the lattice-matched MQWs.

1. INTRODUCTION

An exciton, which is in fact a many body effect, con-
sists of an electron and a hole interacting with each other
through Coulomb attraction. It is well known in quantum
wells that exciton effects are enhanced because of the wave
function confinement perpendicular to the quantum well
plane. Strong exciton resonances in quantum wells have
been reported.!-'* Among many multiquantum-well
(MQW) structures, strained layer MQW structures'¢'®
have been intensively studied in recent years for their ap-
plication to high performance optical devices such as low
threshold, high-power, and high-speed lasers.!*-3* Espe-
cially, the strained layer InGaAs/InAlAs, InGaAs/
InGaAlAs, and InGaAs/InP material systems are attrac-
tive and important, because these materials emit or absorb
the light at around 1.55 um wavelength, which is the op-
timal wavelength for optical communication systems.
Therefore, a systematic understanding of the behavior of
excitons in strained layer MQW:s in these material systems
is very important for advanced photonic devices. Only few
results on the basic optical properties have been re-
ported,'*!> however, and the important physical parame-
ters of the excitons in the strained layer MQW:s as a func-
tion of the well width have not yet been determined.

In this paper, the physical properties of excitons, i.e.,
transition energy, oscillator strength, linewidth, binding
energy, and reduced effective mass, in strained layer
MQWs based on long-wavelength materials are presented.
To the authors’ knowledge, this is the first systematic re-
port on the room temperature excitons in long-wavelength
strained layer MQWs. Photomodulated transmittance
spectroscopy is found to be a more effective way to reveal
the subband structures compared with conventional ab-
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sorption measurement. Important resuits which show
weaker excitonic transitions for the compressively strained

MQWs resulting from smaller reduced effective masses are
described.

H. EXPERIMENTS

A. Sampie structures

Three kinds of strained layer InGaAs/InGaAlAs
MQW structures with different well thicknesses (samples
A, B, and C) were grown on (001) InP:Fe substrates by
molecular beam epitaxy (MBE). For comparison, a lattice
matched InGaAs/InAlAs structure (sample D) was also
fabricated. The well thickness in each sample was precisely
determined by fitting a simulated satellite pattern to x-ray
diffraction spectra.’> Table I summarizes the sample
structures. Samples A, B, and C contain four 2.5 nm wells,
four 5.0 nm wells, and four 7.5 nm wells, respectively.
The Indium composition in the InGaAs ternary compound
is determined to be 0.652 for sample C and almost same
for samples A and B. This corresponds to 0.83% compres-
sive strain in the plane of the quantum well. The wells in
each sample are separated by 8.5 nm thick
Ing 470Gag 3554l 595As barriers which have 0.43% tensile
strain. Although the total well thickness for sample C is
more than a critical thickness,*® the strain is not relaxed,
partly because the growth temperature is lowered®’ and
partly because the total strain is compensated by the tenstle
strained barriers. The upper and lower cladding layers
have the same composition as the barriers and are 0.12 and
0.16 um thick, respectively. They are doped with Si and Be
for n and p type, respectively, to 5x 10" ¢m 3 except 0.04
pum undoped regions in each layer which cover the MQW
region. These thin undoped layers are employed to avoid
any dopant diffusion into the MQW region, which is un-
intentionally doped. This p-i-n structure is helpful for the
photomodulated transmittance measurements as will be
described later. The reference sample D consists of 40
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TABLE 1. Structural parameters of the samples investigated. L, and L,
are the well width and barrier width, respectively. Samples A-C have
compressively strained InGaAs quantum welis with InGaAlAs barriers.

Sample D has lattice-matched InGaAs quantum weils with InAlAs bar-
riers.

Sample No. of well L, (nm) L, (nm) In composition

4

4
4
40

lattice-matched quantum wells with 7.2 nm thickness and
InAlAs barriers with 7.2 nm thickness. The whole struc-
ture is unintentionally doped for this sample. Details of the
sample growth have been reported elsewhere.>*

B. Absorption measurements

We measured the optical absorption spectra of the
samples at room temperature by conventional phase-
sensitive lock-in technique using a monochromator and a
tungsten (W) lamp. A PbS detector was used for light
detection. For these measurements, the rear side of the
samples were polished by Br-methanol to avoid light scat-
tering. A perpendicular incidence geometry was employed.
The absorption coefficient was determined by comparing
the transmitted light intensity with (/,) and without (13)
the sample. By definition of the transmission coefficient T,

we obtain the following relation between these two quan-
tities:

T=I,/I,=(1—R)*exp(—ad)/[1—R? exp(—2ad)],
(1)

where R is reflection coefficient, a is absorption coefficient,
and d is total thickness of well layer. The absorption coef-
ficient which is measured from a transparent point below
the bandgap energy takes the following form:

amow=a—a’'=In(T'/T)/d{1+x(a)], (2)

where a’ is the absorption value at almost transparent
point. The calibration factor x(a) is expressed as

x(a)=In{[1—-R%exp(—2ad)]/ '
[1—R? exp(—2a’d) |}/ (a—a’)d, (3)

and the value is found to be around 0.2 for our structures.
For samples A and B, more than one piece of wafer are
stacked and measured to improve the signal-to-noise ratio.

C. Photomodulated transmittance measurements

Modulation optical spectroscopy is a very attractive
technique because of its high sensitivity. The photomodu-
lated transmittance (PMT) technique’®® is similar to
Photoreflectance (PR) spectroscopy.**** For structures
grown on transparent substrates, sample thinning is not
Necessary, which makes the transmittance measurement
technique more attractive. Moreover, spectra can become
less complicated because the substrate contribution is al-
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FIG. 1. The photomodulated transmittance measurement setup.

Chopped Ar laser light at a power of | mW was used to modulated the
internal built-in field in a sample.

most completely suppressed. The photomodulated trans-
mittance is produced by a contactless electric field modu-
lation by means of a laser beam. Ar laser light at | mW
power was chopped and shone on the sample as shown in
Fig. 1. A strong increase in both resolution and signal-to-
noise ratio compared with the conventional room temper-
ature transmission spectroscopy was obtained by the addi-
tion of a modulated light source. It is found that this
technique is much more sensitive when it is used for the

p-i-n structure which has a relatively strong buiit-in elec-
tric field.

lll. RESULTS AND DISCUSSION

A. Transition energy

Figure 2 shows the measured room temperature ab-
sorption spectra for three kinds of the strained layer
MQWs (sampies A, B, and C) and the lattice matched
MQW (sample D). The arrows indicate calculated exci-
tonic transition energies. Clear transitions between el (first
subband in a conduction band) and hhl (first subband in
a heavy hole valence band) are observed for all samples.
The energy values are 0.897 (and also 0.913), 0.792, 0.731,
and 0.835 eV for samples A-D, respectively. However,
critical points are not always clear for higher order transi-
tions.

Figure 3 shows the corresponding photomodulated
spectra. As shown in Fig. 3, PMT signals are very sensitive
at critical points. In these figures, the conventional absorp-
tion spectrum is superimposed for comparison. The arrows
indicate calculated excitonic transition energies. The PMT
signals are stronger by an order of magnitude for samples
A, B, and C, which have the p-i-n structure, compared
with those for sample D, which is unintentionally doped.
The signal level is of the order of 10~°. This is thought to
be due to the relatively strong built-in electric field in the
strained layer MQW samples.

In general, the absorption change, Aa, in the PMT
measurement is proportional to the change in the imagi-
nary part of the dielectric function. Ag; resulting from the
change in the intensity of the pump beam P. For excitonic
transitions, A¢; can be expressed as*'*
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FIG. 2. Room temperature absorption spectra (solid line) and fitted Gaussian curves (dashed line). (a) Sample A has strained layer MQW with 2.5
nm well width. The arrows indicate caiculated energies for el-hhl (0.882 eV) and el-lh1 (0.985 eV) transitions. (b) Sample B has strained layer MQW
with 5.0 nm well width. The arrows indicate calculated energies for el-hh1 (0.772 eV) and el-lh1 (0.872 eV) transitions. (c) Sample C has strained layer
MQW with 7.5 nm well width. The arrows indicate calculated energies for el-hh1 (0.726 V), el-hh2 (forbidden 0.761 eV), el-th1 (0.815 eV), and

e2-hh2 (0.915 eV) transitions. (d) Sample D has lattice matched MQW with 7.2 nm well width. The arrows indicate calcuiated energies for el-hhi
(0.833 eV), el-lhl (0.867 eV), el-1h2 (forbidden 0.986 eV), and e2-hh2 (1.070 eV) transitions.
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where E,, is the exciton energy gap, [ is a phenomenolog-
ical broadening parameter, and S is the integrated intensity
of the excitonic transition. The relative contributions to the
PMT line shape arising from the linewidth, energy gap,
and intensity modulation mechanisms are determined by
the magnitude of the bracketed coefficients in Eq. (4).
These coefficients are functions of the pump intensity and
the subband indices of the excitons. When the first term in
Eq. (4) is dominant, the line shape will be a dispersive
shape, which has both positive and negative parts, and the
zero crossing point gives the excitonic transition energy.
When the second or the third term is dominant, the line
shape will be symmetric and the peak gives the excitonic
transition energy. This relationship is schematically drawn
in Fig. 4. In actual cases, it is thought that the signal shape
is the combination of three limiting cases described above.
Therefore, the interpretation of PMT signals is not always
easy and it should be done carefully, but it gives not only
compiementary information but also useful clues to reveal
critical points. Empirically, in many cases, a middle point
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between a peak and a bottom in the PMT signal peak
corresponds to a critical point in the absorption spectra.
They can be attributed to excitons composed of electrons
and heavy holes, and electrons and light holes. The exci-
tonic transition energies for el-lhl are determined to be
0.99, 0.87, 0.81, and 0.86 eV for samples A-D, respec-
tively. For samples C and D, the excitonic transitions from
hh2 to e2 are also observed. Parity forbidden transitions
between el and hh2 and between el and 1h2 are also re-
vealed in samples C and D, respectively. Sample D shows
extra peaks near the band edge which we cannot yet ex-
plain.

The excitonic transition energies were calculated by
using effective-mass approximation including heavy hole
and light hole energy split at the gamma point due to
strain. The effect of strain on the band lineups was caicu-
lated in a straightforward manner based on the model solid
theory proposed by Van de Walle and Martin.**** The
energy shifts of an averaged valence band position £, ,, and
a conduction band position £, induced by the hydrostatic
strain component can be expressed as

dE,,, =a,(AQ/Q). (5)
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»~FIG. 3. Room temperature photomodulated absorption spectra. Absorption spectra are superimposed for comparison. The arrows indicate calculated
sansition energies. (a) Sample A, (b) sample B, (¢) sample C, (d) sample D.

dE,=a,(AQ/Q), (6)

where a, and a, are the hydrostatic deformation potentials
for the valence and conduction bands, respectively. The
AQ/Q is the fractional volume change which, for small

strains on (001) substrates, can be approximated by

Absorption

(a) (c)

FIG 4. Schematic photomodulated transmittance line shapes for three
miting cases: (a) dispersion like line shape due to transition encrgy

Qhange‘ (b) symmetric line shape due to linewidth change, (¢) symmetrc

¢ shape due to transition intensity change.
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AQ/Q = (2e,+e,), ¥)]
where the strain components (e;;) are defined as

exx=(ao/a—1)! (8)

ex=(—2cpp/c11)ex, (9)

where a is the lattice constant of InP, a is the lattice
constant of the free-standing InGaAs epilayer, and C;; is
the elastic stiffness constant of InGaAs. The valence band
degeneracy at the gamma point is lifted by the shear strain
component. The energy shifts for the heavy hole (|J/,m )
=13/2,3/2)) valence subband, the light hole (|3/2,1/2))
subband, and the split-off band (|1/2,1/2)) are calculated
with respect to their weighted average and given by

dE,pn=028¢/3—8Ex,/2, (10)

dE, )= —Ao/6+8E,/4+sp, (11)

dE, = —Do/6+8Ex,/4—sp, (12)
with

sp=1/2[ A+ A3 E; +9/4(8Eg )} 2, (13)

where A, is the spin-orbit splitting in the unstrained bulk
InGaAs, and 8Ey, is given by
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TABLE II. Material parameters for the binary compound InAs, GaAs.
and AlAs. Lattice constant, a,; elastic modulus. C, . shear deformation
potential. b: spin-orbit splitting, A,; weighted average over the three up-
permost valence bands at gamma, £, ,, ; hydrostatic deformation potential
for the valence band. a,. and for the conduction band, a.; and the elec-
tron, heavy hole. and light hole effective masses at gamma, m,, m,,, and
my, , respectively. Interpolated values for ternary (InGaAs and InAlAs)
and quaternary (InGaAlAs) materials are used for calculation.

InAs* GaAs* AlAs®
o A 6.0584 5.6533 5.65
o 10'! dyn/cm® 8.329 11.88 12.5
ey 10! dyn/cm’ 4.526 5.38 5.34
b eV -1.8 -1.7 -1.5
Aq eV 0.38 0.34 0.28
E,.. eV —6.67 —6.92 —149
a, ev 1.00 1.16 2.47
a, eV ~5.08 -7.17 —5.64
myy, mgy 0.41 0.45 0.409
my, my 0.025 0.082 0.153
m, my 0.023 0.067 0.13
“Reference 15.
®Reference 43.
‘SEml=2b(eu_exx)’ (14‘)

where b is the shear deformation potential for a strain of
tetragonal symmetry. The numerical parameters are calcu-
lated by Vegard’s law from the binary compound data. The
parameters for binary materials are listed in Table I1.'>*
Band gaps for In, _,Ga,As (this is obtained by an inter-
polation of the band gap for GaAs, InAs, and

Ing53Gag 47As) and In, _, _ yGayAles45 at room tempera-
ture are expressed as

E,(InGaAs) =0.3640.6212x +0.4438x?, (15)

E,(InGaAlAs) =0.3642.093x+0.629y +0.577x*

+0.436)% +1.013xy—2.0xp(1 —x—y),

(16)
respectively. The InGaAs/InGaAlAs band lineups used
for the calculation are shown in Fig. 5. The subband ener-
gies were calculated by an effective mass envelope function
approach. Band nonparabolicity associated with the reai

wave vector in the conduction band of the well was taken
into account as follows:*®

m,=m(1+ak), 17

a=(1—myq/my)*/E,, (18)

where m, is electron mass at an energy E, m, is band
bottom mass, and my, is free electron mass. For simplicity,
valence band effective masses of the unstrained bulk mate-
rials were used, aithough the strain causes complicated
valence band nonparabolicity. Continuity of the envelope
function @(z) and of [I/m(E)lde(z)/dz were used as
boundary conditions. The absorption energy is given by
Eph=Ee+Eh+Eg_Eb! (19)

where E, and E,, are electron and hole subband energies in
the quantum well, E, is the band gap of the well material,
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FIG. 5. The band lineups of strained InGaAs and InGaAlAs used for
calcul2tions.

4

and E, is the exciton binding energy. The calculated tran-
sition energy and experimental results were plotted in Fig,
6. Although no fitting parameter is used, they are in good
agreement, which confirms that the strain effect causes
splitting of the heavy hole band and the light hole band.
Uncertainty in material parameters such as effective mass,
band discontinuity, and bandgap especially for
InGaAlAs*' is thought to be a cause of slight difference in
experimental and calculated values. The relatively strong
built-in field may also modify the transition energy, how-
ever, it is estimated to be less than several meV. The higher
order transitions and the parity forbidden transitions ob-
served in the PMT spectra also match the calculated tran-
sition energy very well.

B. Oscillator strength

It is well known that the excitonic transition is well
fitted by a Gaussian distribution function.'"!? By fitting the
data using the Gaussian line shape, the integrated intensity
S was obtained. Nonlinear least square method was used

o
o

o

[{e]

(3] —
X

0.9t

©
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ransition Energy (eV)

0.75} - el-hhi Transition
-

0.7} 4
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o t+ 2 3 4 5 6 7 8 9 10
Well Width (nm)

FIG. 6. Excitonic transition energies for el-hhl (circle) and el-lh
(cross) as a function of well width. Solid and dashed curves show calct
lated values for el-hhl and el-lhl, respectively.
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TABLE 1{Il. Fitted values of Gaussian fitting {a(E)=a,exp{—(E
—E,,)*/(2)]} for absorption spectra; a nonlinear least square method

was used in the fitting. For Sample A, a mixture of two Gaussian curves
was fit to the spectrum.

Sample a, (cm™") E,, (eV) I (meV)

/\

gow

for the data fitting. In Fig. 2, the fitted curves are plotted.
For samples A-C, the built-in field may cause slight
changes in the absorption spectra. However, the change in
an absorption area is negligibly small according to the sum
rule.® The integrated intensity is proportional to an oscil-
lator strength divided by the well width L. For sample A,
two mixed Gaussian shapes are used for the fitting because
both the absorption spectrum and the PMT spectrum show
double peaks at the absorption edge. The fitted values are
listed in Table III. The absorption coefficients for el-hhl
excitonic transition are 9550 (and also 12 320), 13 840,
7200, and 12 170 cm~' for samples A-D, respectively. Fig-
ure 7 shows the integrated intensity as a function of the
well width. The data for lattice-matched MQWSs from
Refs. 8 and 12 are also plotted. In Ref. 8, the data are taken
at low temperature, however, it is reported that the tem-
perature dependence of oscillator strength is very small."?
It is found that S is smaller by 35%—45% for the strained
/\‘.ayer MQWs than those for the lattice-matched MQWs at
- the same well width. At the same wavelength, however, S
is almost same for both strain and lattice-matched MQW
structures. It seems that the well width dependence of S is
17 L2 for both strained and lattice-matched MQWs when
L, is more than 5 nm,***® while it is less dependent on the
well width for narrower well widths.
It is very important to know the spatial extent of the
exciton, A, in the quantum well because this information
is useful in understanding the broadening of the exciton

600t Stolz et al. »
X
500} \
\\ Stolz et al.
400} X

Lattice-Matched MQW
300} .

Integrated Intensity (eV/cm)

200} ~ Strained MQW . Stolz et al.
I X ;
100 Sugawara et al.
0
0 2 8 10 12

6
Well Width (nm)

F_IG. 7. Integrated intensity as a function of well width for strained (open
circle) and lattice-matched (closed circle) quantum wells. The data from
Refs. 8 and 12 are also included (cross). The lines are a guide to the eye.
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FIG. 8. Exciton radius as a function of well width for strained (open
circle) and lattice-matched (closed circle) quantum wells. Cross is from
Ref. 12. The lines are a guide to the eye.

linewidth due to structural fluctuations in the quantum
well. It is also important in calculating the light intensity at
which excitons start overlapping with each other and caus-
ing very strong optical nonlinearities. The integrated inten-
sity of the exciton spectrum based on the effective-mass
approximation is given by!?

S=4¢"i| (Pcy) |2 {@e(2) | @4(2)) |/ (€oenmiEpde, Ly),
(20)
where e is the electron charge, Pcy is the optical matrix
element, @,(z) is the electron envelope wave function,
@(2) is the hole envelope wave function, € is the permit-
tivity in vacuum, c¢ is the speed of the light, and n is the
refractive index. The exciton radii were obtained using Eq.
(20) by substituting experimental S values, which are 406,
240, 116, and 213 eV/cm for samples A-D, respectively.
As shown in Fig. 8, the values are 13.1, 13.8, 17.2, and 12.2
nm for samples A-D, respectively. The increase of exciton

radii is the main reason for small S values'in the strained
MQW structures.

C. Linewidth

The exciton spectrum broadening at low temperatures
is primarily due to the spatial inhomogeneity of the exciton
energy level caused by structural imperfections in the
guantum wells,* such as interface roughness, composition
fluctuations in constituent alloys, and nonperiodicity in
multiple quantum wells. At high temperatures, the exci-
tons are ionized to free electron-hole plasma by phonon
scattering. The increase of phonons reduces the exciton
lifetime, and broadens the excitonic transition spectrum
according to the uncertainty principle. Figure 9 shows the
room temperature FWHM (full width at half-maximum)
of the heavy hole exciton peaks as a function of the well
width. The data from Refs. 2, 11, 12, and 46 are also
plotted. Reference 46 includes a FWHM value for a
strained MQW. The dashed line is a guide to the eye. The
values are in the range of 10~15 meV for both strained and
lattice-matched MQW structures except at narrow well
width. For the 2.5 nm well, the strained MQW structure
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FIG. 9. Heavy hole exciton linewidth at room temperature as a function
of well width for strained (open circle) and lattice-matched (closed cir-
cle) quantum wells. The data from Refs. 2, 11, 12, and 46 are also plotted
(cross). The dashed line is a guide to the eye. The solid curve shows the
calculated energy shift due to monoiayer fluctuation.

shows strong broadening as wide as 31 meV. To investigate
this broadening, the theoretical subband energy change due
to one monolayer fluctuation is also plotted in Fig. 9. It is
reasonable to think that strong enhancement in the line-
width is partly due to the monolayer fluctuation of the
quantum well which has comparable island size to the ex-
citon radius. Statistical composition fluctuations may be
another cause for this strong linewidth broadening.

The data in this study show narrower FWHM values
than those of reported values.!'*® The smaller number of
quantum wells in our MQWs is thought to be one of the
reasons. To reveal linewidth broadening mechanisms, low
temperature measurements are also needed and are now
under study. The PMT spectrum widths are also useful in
studying el-hh1 exciton linewidth. The broadening for 2.5
nm well is also observed in the PMT spectrum.

D. Binding energy and reduced effective mass

The two-dimensional exciton radius can be determined

by a variational method by minimizing the exciton binding
energy, 52

Ep(Ae) = =/ (2uAl) +e{(D|1/p| D) /(4me),  (21)

where p is the reduced effective mass parallel to the quan-
tum well layers (I/p=1/m, +1/myy ) and p=[F+(z,
—2,)4"?, where Z, and z,, are the coordinates perpendic-
ular to the plane of the layer of the electron and hole,
respectively. The r is the relative position of electron and
hole in the plane of the layer. The first term in the right-
hand side in Eq. (21) is the kinetic energy of relative
electron-hole motion in the quantum well plane. The sec-
ond term is the Coulomb potential energy of the electron-

hole relative motion. We know that a simple trial wave
function of the ground state is

¢=¢e(ze)¢h(zh)‘pex(r)
with

(42)

Pex(P) =(2/7) 2 exp(—r/Aex) /Ay, (23)
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FIG. 10. Binding energy as a function of well width for strained (open
circle) and lattice-matched (closed circle) quantum wells. The data from
Refs. 8 and 12 are included (cross). The lines are a guide to the eye.

where 4., is the effective Bohr radius of the quasi bidimen-
sional exciton. As we know the values of the exciton radii
experimentally, the reduced effective mass and the binding
energy can be calculated based on Eg. (21). The effective
well widths were used for the calculation. Figure 10 shows
the exciton binding energy as a function of the weil width.
Figure 10 includes the data for lattice-matched MQWs
from Ref. 8, in which the values are determined by mag-
netoabsorption measurements and from Ref. 12. The E,
increases with decreasing well width and a value of 7.8
meV is obtained for a 2.5 nm strained layer MQW. The E,
seems to saturate in the narrow well width region for both
lattice-matched and strained layer MQWSs. The E, is
smaller for the strained MQWs than those for the lattice-
matched MQWs by 1-2 meV.

Figure 11 shows the reduced effective mass as a fune-
tion of the well width. Data for lattice-matched MQWs
taken from Refs. 9 and 12 are also plotted. In Ref. 9, the
values are determined by magnetoabsorption measure-
ments. Small reduced effective masses for the strained layer
MQWs are obtained. The values are in the range of 0.031-
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FIG. 11. In-plane reduced effective mass as a function of well width for
strained (open circle) and lattice-matched (closed circle) quantum wells.

The data from Refs. 9 and 12 are included (cross). The lines are a guide
to the eye.
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0.038m,, which are 65% of those of the lattice-matched
MQWs. It is well known that the heavy hole mass in the
quantum well plane decreases with compressive strain. Our
results reflect this strain effect as well as both the electron
and hole effective mass changes due to a composition
change in the well material. The calculations were carried

t using simple models.*** For well widths of 2.5-7.5
nm, the calculated reduced effective masses are 0.027-
0.032m, for the strained structures, compared to 0.031-
0.039m,, for the lattice-matched structures. In spite of us-
ing simple models, the calculation results explain the
decrease of the reduced effective masses qualitatively. This
reduction of the reduced effective mass is the main reason
for the large exciton radius and therefore the small inte-
grated intensity for the strained layer MQW structures. In
a sense, these results are negative for the application of the
compressively strained MQWSs in advanced devices which
use excitonic effects such as quantum confined Stark effect’
and optical Stark eﬁ'ect,”‘“’ however, tensile strain may
enhance the excitonic effect. The use of InGaAlAs for the
well material is also promising, because the electron mass
will be increased by the addition of Al. Femtosecond dy-
namics of excitons of these strained samples are also inter-
esting properties, and will be studied.

1IV. CONCLUSIONS

The physical properties of the room temperature exci-
tons (transition energy, oscillator strength, linewidth,

’ —~binding energy and reduced effective mass) in the compres-

sively strained InGaAs/InGaAlAs multiquantum-well as a
function of the well width were investigated by both ab-
sorption measurements and photomodulated transmittance
(PMT) measurements. The PMT technique for the sam-
ples with a p-i-n structure is found to be very effective for
revealing subband structures. Measured transition energies
are in good agreement with the calculation which includes
the heavy hole and light hole splitting due to strain. The
oscillator strength for the same well width is smaller for
the strained layer MQWs than those for the lattice-
matched MQWs. This is due to the larger exciton radius
for the strained layer MQWs resulting from the smaller
in-plane reduced effective mass. The employment of tensile
strain and the addition of Al to InGaAs well are proposed
to increase the excitonic transition intensity. This new in-
formation is very important for application of strained
layer MQWs to advanced photonic devices which use ex-
citonic effects in MQW such as quantum confined Stark
effect and optical Stark effect.
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