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(Received 27 June 1988)

We present a study of the excitons in quantum wells of Gal- In As grown on InP substrates.
Well-resolved optical transitions between con6ned particle states were measured by photolumines-
cence and photocurrent excitation. Well dimensions were varied from 10 to 200 A, as ascertained

by high-resolution transmission microscopy and x-ray diffraction. The combination of a detailed
optical and structural characterization allows for a comparison with theory. Good agreement is
obtained with calculations based on the effective-mass approximation which include band nonpar-
abolicity effects and contain no adjustable parameters.

Quantum wells of Ga~ —,In„As lattice matched to InP
have been studied intensely in the last few years. '

High-quality structures have become available through
advances in epitaxial techniques driven by the technologi-
cal importance of this material system. This system is
different from GaAs/Gat —,Al, As in two important as-
pects. First, the composition of the well material must be
precisely controlled in order to assure lattice matching.
Second, the ternary random alloy of the well gives rise to
potential fluctuations with resulting inhomogeneous spec-
tral line broadening. In addition, many of the parameters
describing the bulk ternary, such as band offsets and
effective masses are still being refined. Many attempts
have been made to reconcile experimentally measured ex-
citon energies, mostly the lowest electron-heavy-hole
transition observed in photoluminescence, with the calcu-
lated values. In some instances, lattice mismatch strain
was included on an ad hoc basis, in others band offset
values outside of the accepted range were used. s

In this work we report a detailed study of the optical
properties of high-quality single and multiple quantum
wells of Ga~, ln As grown lattice matched on InP sub-
strates by gas source molecular-beam epitaxy. s The opti-
cal spectroscopic techniques of low-temperature photo-
luminescence (PL), PL excitation (PLE), and photo-
current excitation (PCE) are employed in a complementa-
ry way to investigate the quantum wells. The well dimen-
sions and composition were obtained by independent
transmission electron microscopy and high-resolution x-
ray diffraction measurements. Optical transitions, up to
n 3, between single carriers confined states measured by
these experiments are in very good agreement with calcu-
lations which include band nonparabolicity effects and
contain no adjustable parameters. The calculation uses
the best parameter values available and consistency with
the binary parent values was checked where possible.

The study was done on seven quantum wells from four
different samples. These consisted of a sample containing
four narrow wells with thicknesses determined by
transmission electron microscopy to be 9, 15, 30, and 47
A, separated by 120-A-thick InP barriers, and three sam-
ples with ten wells each grown as the intrinsic layer of a
p i nstructure. The -w-ells of the multi-quantum-well
samples were 79, 142, and 189 A thick. For the measure-
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FIG. 1. Low-temperature PL and PLE spectra of a four
Gal- In As quantum wells sample.

ment of the PCE spectra, 100-pm-diameter mesa-type
diodes were fabricated from these wafers. All the samples
were grown at 500'C on (100)-oriented InP substrates
using previously described procedures. 'o The residual n

type doping level of Gao471no. 53As was in the range of
(0.5-1)x10' cm

The low-temperature (-10K) PL and PLE spectra of
the four-layer quantum-well sample are shown in Fig. l.
The PLE experiments were carried out using tungsten
lamp light dispersed through a 0.64-m spectrometer as a
continuous excitation source. The PL spectrum of the
sample, obtained here using the lamp source at above InP
band-gap excitation is shown in the lower trace of Fig. l.
It is dominated by lines due to the excitonic recombina-
tion of electrons and heavy holes from the n 1 subband
levels (10). The lines are intense and quite narrow, as
discussed previously. 'o Quantum size effects commensu-
rate with the narrow wells result in the large exciton ener-

gy shifts, close to the band gap of InP. The PLE spectra
of individual quantum wells are shown displaced one
above the other. Excellent luminescence efftciency of the
material allows us to observe the PLE spectrum even from
a 9-A-thick well. In addition to the 18exciton transition,
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all the wells also show well-resolved electron-to-light-
hole exciton transitions (1L). However, IL peak of the
narrowest well is quite broad and weak. The 1H exciton
transition energies measured by PLE are all at higher en-
ergies than the PL peaks and the relative blue shift of the
PLE peaks becomes greater in narrower wells. At 9 meV
above the 1H exciton of the 47-A-wide well we observe a
dip in the PLE response. A similar, but weaker dip is ob-
served in the 30-A well PLE spectrum. We interpret
these features as the onset of the continuum for a hydro-
genlike two-dimensional (2D) heavy-hole exciton. Fol-
lowing Miller, Kleinman, Tsang, and Gossard, " an exci-
ton binding energy of —10 meV is obtained from this
shift.

The spectra obtained on a ternary structure consisting
of 10 Gat-, In, As wells, each 79 A. thick, separated by
460-A InP layers are shown in Fig. 2. Their dimensions
were determined to within a monolayer using high-
resolution x-ray diffraction, as discussed before. '2 The
quantum wells were confined within the intrinsic layer of a

p i ns-tr-ucture. This has allowed us to study the PL,
PLE, and photocurrent excitation (PCE) spectra as a
function of bias on the same sample. Its PL spectrum is
also dominated by a single line at 0.843 eV which is due to
the excitonic recombination of electron and heavy hole
from the n 1 subband level (1H). Another line, with the
intensity lower by at least three orders of magnitude, is
seen 63 meV higher in energy. This line is due to recom-
bination of the n 1 electron-light-hole exciton (1L).
The intensity ratio between the two luminescence lines
reflects the ratio of the radiative lifetime of the carriers, to
the thermalization time of holes to their lowest-energy
state. Consequently, from the known former value [ap-
proximately 2 nsec (Refs. 13 and 14)] one can estimate
the later to be of the order of 1 psec. The additional PL
features, a broad line between 1.1 and 1.2 eV and a triplet
of sharp lines at 1.373, 1.335, and 1.297 eV originate in
InP. The broad line is probably one of many spectral
features observed in this region and associated with com-

plexes of native defects and transition-metal impuri-
ties. ' ' The three high-energy lines are due to donor-
acceptor (Be) pairs and their two LO-phonon replica. '

The PLE spectrum shows very well resolved lines due to
1H, IL, 2H, and 2L transitions at energies of 0.858, 0.905,
1.028, and 1.134 eV, respectively. These peaks are also
observed in the PCE spectrum which was taken under a
slight forward bias in order to eliminate Stark shifts of the
exciton peaks (at helium temperatures photocarrier emis-
sion from the well is inhibited at zero bias). The 1H line
in the PL spectrum is again red shifted, this time by as
much as 15 meV, from the transition energy measured in
the PLE and PCE experiments. In contrast, the 1L line
does not exhibit any shift. We argue that the red shift of
the 1H PL peak is due to recombination processes which
involve excitons bounds to potential fluctuations in the
quantum well. These may arise either from composition
fluctuations or, less likely, interface roughness. At low
temperatures, excitons are rapidly thermalized to local-
ized states of lower energy associated with these potential
fluctuations. The absence of such a red shift in the 1L
transition indicates that the time for exciton thermaliza-
tion to a state associated with the potential fluctuation is
longer than the hole thermalization time to the lowest-
energy state. This in good agreement with recently mea-
sured localized exciton hoping time of 16 psec. '4 Radia-
tive recombination of the 1H excitons bound to those final
states gives rise both to the observed red shift and to the
narrower PL linewidth (11 meV) compared to the width
of the same line measured in absorption (14 meV). The
linewidth obtained in absorption measurements is more
indicative of the intrinsic density of the exciton states and
it should be used to characterize the sample quality. '

The blue shift of the PLE peaks becomes greater in nar-
rower wells. This resembles the behavior of excitons
bound to impurities in quantum wells, as was previously
seen by Miller, Gossard, Tsang, and Munteana in GaAs
wells'9 and calculated by Bastard. 2o The exciton binding
to potential fluctuations is expected to produce a similar
red shift. The shift may be even more sensitive to the well
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FIG. 2. Low-temperature PL, PLE, and PCE spectra of a
10-well sample. Quantum wells are forming the intrinsic region
of a p-i-n structure.

WELL WIDTH (A)

FIG. 3. Exciton transition energies as a function of the
quantum-well width. Points represent experimental data ob-
tained by PLE, bars represent the experimental uncertainties.
Solid (dashed) lines show the calculated transition energies, in-

cluding (neglecting) nonparabolicity effects.
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TABLE I. Constants used in calculations.

Name

E, (eV)
(eV)

m' (emu)
m h (emu)
mP" (emu)
Valence-band offset (eV)

re1ative to InP

InP

1.424 '
0.11 '
0 079'
0.121 '
0.606 '
0

GaAs

1.5)9'
0 34'
0.067 '
0.094'
0 341'
0 34s

InAs

0.418 '
0 37'
0.023 '
0.027 '
0.4 '
0.41 I

Gao.47Ino 53As

0.812 b

0.356 '
0 041"
0.056 '
0377 '

0 37c,h

Semiconductors, edited by O. Madelung, M. Schulz, and H. Weiss, Landolt-Bornstein, New Series,
Group 3, Vol. 17a (Springer, Berlin, 1982).
~GaInAsP Alloy Semiconductors, edited by T. P. Pearsall (Wiley, New York, 1982).
'Linearly interpolated from the binary materials data.
eK. Alavi and R. L. Aggrawal, Phys. Rev. B 21, 1311 (1980), in very close agreement with footnote c
'We use rn,' 1/(y~+2y2)m, h I/(y~ —2y2) and Luttinger parameters y&, y2 from footnote a.
' D. F. Nelson, R. C. Miller, and D. A. Kleinman, Phys. Rev. B 35, 7770 (1987).
sR. S. Bauer and G. Margaritondo, Phys. Today 40 (No. 1), 27 (1987).
"S.R. Forrest, P. H. Schmidt, R. B. Wilson, and M. L. Kaplan, Appl. Phys. Lett. 45, 1199 (1984).

f(E) [rt(E) —1/r~(E)jsinr2(E) —2cosr2(E), (1)

where r~(E) k (E)ms(E)/kb(E)m (E) and r2(E)
k (E)L„;L, k, m stand for the width, carrier wave vec-

tors, and effective masses in the confinement direction,
and the subscripts w and b denote the well and barrier, re-
spectively. The dispersion relations which correlate the
wave vector to the particle energy E are then

E ~52k~2/2m„(E), E —V ~h kg/2mb(E), (2)

where Vb is the barrier potential, or band discontinuity.
The effects of band nonparabolicity were introduced
through the energy-dependent effective masses of elec-
trons and light holes:

m(E) ~g k (E)/2E, (3)

where k(E) is given implicitly by the Kane-model disper-
sion relation '

(E')(E' —Es)(E'+h~) —k P (E'+2~) 0. (4)

dimensions than the case of the exciton bound to impuri-
ties. This is because the exciton radius decreases with the
quantum well width and this in turn reduces the volume it
samples. The average over a smaller volume results in
deeper potential fluctuations and thus a larger binding en-
ergy. As discussed below, the 1H and 1L energies mea-
sured by PLE are in good agreement, in contrast with
those measured by PL, with the calculated values.

The optical transition energies measured at low temper-
atures by absorption techniques in the samples discussed
above, together with the data obtained on two other sam-
ples with wider quantum wells (142 and 189 A), are plot-
ted in Fig. 3 as a function of quantum well width. The
confined carriers' energies were calculated by numerically
finding the root of the following equation:

Here E' E+Ett —6 k /2mo, where Ett is the relevant

band energy, i.e., Es(0) for electron (light-hole), Es and
the material band gap and split-off energies, and P is

the k p matrix element. The last was chosen so that
m(E 0) is given by the known band-edge effective
masses listed in Table I. (Different P values are used for
electron and light hole. 2) In the barriers the energy E is

replaced by E —Vb Thus th.e nonparabolicity is calculat-
ed from the k p theory and is not a free parameter. The
dashed lines in Fig. 3 represent transition energies calcu-
lated neglecting the nonparabolicity effects. These are in-

cluded in the calculation represented by the solid lines.
The inclusion of nonparabolicity has a negligible effect on
the calculated energy of the lowest-order excitonic transi-
tions. However, a considerable effect is seen in the
higher-order transitions. For these the inclusion of non-

parabolicity results in a better agreement with the data.
The calculation also includes the exciton binding energy
as estimated above. However, other small effects, such as
the background doping in the wells (Moss-Burstein shift)
and the binding-energy size dependence are neglected.
From an experimental point of view these corrections are
at most comparable to the intrinsic linewidth of optical
transitions in this material system.

In summary, a detailed comparison between the mea-
sured and calculated excitonic transitions in lattice
matched wells of Ga~ — In As/InP is presented. The well

dimensions were varied over a wide range and their

thicknesses independently measured. Well resolved opti-
cal transitions, up to n 3, have been observed by absorp-
tion and photoluminescence techniques. The exciton
binding energy for a -50-A quantum well, and hole
thermalization time, have been deduced from these mea-
surements. Very good agreement has been obtained with

calculations which include band nonparabolicity effects
calculated from the four-band k p theory. The calcula-
tion used the best parameter values available and we have
assured their consistency with the binary parent values.
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