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Experimental data obtained on undoped, Gag 4/Ing 53As/InP, single quantum wells using the far-
infrared, optically-detected cyclotron resonance technique show a strong increase of the in-plane
effective mass of electrons with increasing quantum confinement. The experimental results are com-
pared with a model calculation in which conduction-band nonparabolicity and wave-function penetra-
tion into the barrier material have been taken into account. The roughness of the surface between the
quantum well and the barrier material is proposed to be the reason for the decrease in electron scattering

time from 1.1 ps (1000 A) to 120 fs (80 A).

The concept of effective mass is fundamental in the
description of semiconductor properties. In two-
dimensional (2D) systems, such as a 2D electron gas
(2DEG), at heterointerfaces or in quantum wells
(QW’s)  in  direct-band-gap  semiconductors  of
Al,Ga,_,As/GaAs or Ga,In,_,As/InP, the electron
mass is divided into a mass m} perpendicular with
respect to the growth plane, and a mass m | parallel to
it.! Due to the isotropy of m* in bulk materials, both
m} and, especially, m| are often approximated by the
bulk values.? The usefulness of this approximation, how-
ever, rapidly decreases as the quantization effects in-
crease. It is known, for instance, that in QW’s m7} in-
creases with increasing subband index.? It has also been
predicted that as a result of the nonparabolicity of the
conduction band, the in-plane mass mh" should increase
as the thickness of the QW decreases. >*

The experimental verification of these effects is of im-
portance, since the in-plane effective mass is used in
many calculations and analyses of other semiconductor
properties. So far, the experimental work has been fo-
cused on the Al,Ga,_,As/GaAs system. Several experi-
mental techniques, direct as well as indirect, have been
applied,> % and the results show a small increase of the
in-plane effective mass in reasonable agreement with
theory. However, a drawback of the direct techniques
(e.g., far-infrared absorption) is that, due to low sensitivi-
ty, the 2D systems must be heavily doped. This gives an
uncertainty in the values of the effective mass due to the
increased influence of nonparabolicity (band-filling
effects).

Here we report direct measurements of the in-plane
effective mass of the electron in nominally undoped
Gag 47Ing 53As/InP single QW’s as a function of well
thickness, using far-infrared optically detected cyclotron
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resonance (FIR-ODCR). In the thinnest QW investigat-
ed (80 A), the in-plane mass is found to increase by about
50% compared with the value of m* in the bulk
Ga, 47Ing 53As material. These findings are of great im-
portance for, among other things, the evaluation of fun-
damental transport properties in quantized structures of
Gay ¢7Ing 53As.

After a short introduction to the FIR-ODCR tech-
nique, the experimental results will be presented and
compared with a theoretical calculation that takes into
account both nonparabolicity of the conduction band and
the discontinuity between InP and Gag 4;In, 53As where
the electronic wave function penetrates into the barrier
regions.

ODCR measurements using microwaves have been re-
ported by Baranov et al.in Ge.® Later the technique was
applied to bulk and epitaxial materials of GaAs,'°
CdTe,'®!! GaP,'? ZnTe,'? GaSb,!* AgBr,'* Si,'> and
Al 45Ing 5,As. ¢ To date the only reported measurement
on a 2D system is that on a Al ,Ga,_,As/GaAs superlat-
tice by Cavenett and Pakulis.® In ODCR measurements
microwave-induced changes in the photoluminescence
(PL) intensity are monitored as a function of magnetic
field. The cyclotron resonance signals are observed at
magnetic fields such that the microwave quantum equals
the difference between two Landau levels (o, =eB/m?*).
In contrast to the more familiar, optically detected mag-
netic resonance (ODMR), in which the transitions are in-
duced by the magnetic-field vector of the microwaves,'’
the ODCR transitions are induced by the electric field
vector.

A prerequisite for CR measurements is that o721,
where o is the angular frequency of the photons and 7 is
the carrier relaxation time. Except in very pure materi-
als, 7 is too small to allow the detection of CR at mi-
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crowave frequencies. However, as pointed out by Rome-
stain and Weisbuch!® using the optical detection tech-
nique, the carrier relaxation time is increased because the
optically generated carriers screen the ionized impurity
scattering centers. Thus, the condition w7=1 can be
fulfilled at microwave energies, even though most mea-
surements reported so far have been made under condi-
tions for which wr~1, resulting in very broad resonances
and low sensitivity. In order to increase the sensitivity
further, Wright et al.'® increased o by using a FIR laser
(0 increases ~250 times compared to microwaves at
about 10 GHz). These first results, obtained on GaAs,
showed very sharp resonances, allowing the detection of
several quantum effects. A later study by Moll et al.'
showed similar results in InP, but also the possibility to
detect intradefect 1s-2p* transitions in both GaAs and
InP.

In our study, the experiments are performed on un-
doped, single QW’s of Gag 47Ing 53As which is lattice
matched to InP. The thicknesses of the QW’s range from
1000 A (negligible quantum confinement effects) down to
80 A. The samples were placed in a superconducting
magnet (12 T), and illuminated by a He-Ne laser (3 mW)
via an optical fiber. The PL signal was collected with the
same fiber, dispersed by a 0.22-m, single monochromator
and detected using a cooled Ge detector. The light from
a CO,-pumped, FIR laser (Edinburgh), working at 118.83
pm, was mechanically chopped and guided to the sample
via a light pipe. The cw power of the FIR laser was 20
mW and the temperature of the sample was 6 K.

A typical PL spectrum of one of the 100-A
Gag 47Ing 53As/InP single-QW samples obtained at 4.0 T
is shown in Fig. 1(a). The reason for presenting the spec-
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FIG. 1. (a) Photoluminescence spectrum of a 100-A

Gayg 47Iny 53As/InP QW obtained at a magnetic field of B=4 T.
(b) The optically detected cyclotron-resonance-induced impact
ionization spectrum of the same sample obtained at B=4 T us-
ing a FIR laser (A=118.83 um). The negative peak at 0.834 eV
corresponds to a 0.3% decrease of the photoluminescence line.
T=6K.
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trum obtained at 4 T is to be able to compare it with the
optically detected impact ionization (ODII) spectrum
presented below, but no principal differences from the
zero-field spectrum are observed. The emission consists
of one line at 0.834 eV and a weaker line at 0.819 eV.
The 0.834 line originates in unresolved contributions
from free excitons (X), bound excitons [(D,X), (4,X)]
and donor-to-free-hole (D, /) recombinations. The weak-
er line is due to free-to-acceptor (e, A) and donor-
acceptor (D, A) transitions. All quantum wells investi-
gated show similar PL spectra, only shifted in energy ac-
cording to the respective quantum confinement effects.

Figure 2 shows the normalized FIR-induced ODCR
signals for 1000-, 200-, 100-, and 80- A (inset) QW’s as ob-
served by monitoring the change in the respective
bound-exciton PL intensity as a function of the magnetic
field (the peaks correspond to a decrease of the PL). The
field positions for the CR signals increase and the peaks
become broader as the width of the QW decreases. The
values of the change of PL intensity are 5% (1000 A),
30% (200 A), 0.4% (120 A), 0.3% (100 A), and 0. .05% (80
A). The reason for the large change in the 200- A sample
is not understood, but similar PL changes have been ob-
served in other samples investigated. The values of the
in-plane, effective masses of the electrons m I, determined
from these peaks are plotted as a function of the quantum
well width in Fig. 3. For the sample with largest reso-
nance width, the effective-mass value is calculated using
the magnetic-field value at the estimated peak position,
and the uncertainty is calculated from the field positions
of half intensity of the peak.

The change in the PL signal induced by the cyclotron
resonance (at 4.0 T) as a function of photon energy
(ODII) for the 100-A QW is shown in Fig. 1(b). No spec-
trum is obtained if we make the detection at a magnetic-
field value off the cyclotron resonance. A similar behav-
ior is observed for the other QW’s. This clearly shows
that the change of the PL intensity is caused by the cyclo-
tron resonance excitation of electrons. From a compar-
ison with the ODCR spectra obtained using microwaves
and FIR photons, it was recently shown that the mecha-
nism on which the detection of ODCR is based is
cyclotron-resonance-induced impact ionization of the
bound excitons and donor-bound electrons.!® The nega-
tive peak at 0.834 eV is, therefore, attributed to such a
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FIG. 2. The FIR- ODCR spectra for the (from low field)
1000-, 200-, 100-, and 80-A (inset) Gag 47Ing s;As/InP QW’s.
T= 6K
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FIG. 3. The measured in-plane effective mass mﬁ‘ as a func-
tion of well width (closed symbols) and the calculated depen-
dence (solid line) using the model described in the text.

decrease of the luminescence due to the impact ionization
of bound excitons and donor-bound electrons, and the
negative peak at 0.823 eV to a decrease in a (D, 4) recom-
bination. The positive peaks are attributed to the in-
creased free exciton (0.837 eV) and (e, 4) (0.830 and 0.815
eV) recombinations.

CR measurements of the effective mass are strongly
influenced by the doping conditions. Heavy doping re-
sults in band filling and as a result the deduced effective-
mass values are too high. Due to the high sensitivity of
the optical detection method, we were here able to inves-
tigate nominally undoped samples, which means that the
background doping is in the range 10"#-10" cm 3. In
order to verify the light doping conditions in the QW’s,
we performed (on the same samples) contactless,
microwave-based, Shubnikov-de Haas measurements us-
ing a conventional 9-GHz electron-spm-resonance spec-
trometer.2’ The 2D carrier concentration in the 120-A
QW was found to be 1 X 10'' cm ™2, and we conclude that
the band-filling effects are very small.

The observed increase of the width of the resonance
peaks (see Fig. 2) reflects a decrease in the electron
scattering time, 7, from 1.1 ps (1000 A), 1.2 ps (200 A),
760 fs (100 A) to 120 fs (80 A). Since the procedures used
to grow the different quantum wells are identical, there is
apparently no reason to attribute this decrease of 7 to the
material properties. Instead, we believe that it is the in-
creased influence of the surface roughness scattering with
decreased well width that is being observed directly. It is
interesting to note that the influence of the interface be-
comes important for QW sizes at which the amplitude of
the wave function at the interface is appreciable. This
decrease of the scattering time is probably the reason for
the failure to detect ODCR in a 60-A QW of the same
material.

The observed increase of the in-plane effective mass
with decreasing QW thickness is due mainly to two
effects.* First, the effective mass increases with electron
quantization energy due to the nonparabolicity of the
Gag 47In, 53As conduction band. Second, the effective
mass increases as a result of the increased wave-function
penetration into the InP barrier material (in which the
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effective mass of the electron has a value of 0.08 m).

In order to describe these effects, we have performed a
calculation of the in-plane effective mass for differently
sized Gag 47In, 53As/InP QW’s in the envelope-function
approximation. In a rectangular, symmetrical QW, the
envelope functions of the QW, V¥, and the barriers, V¥,,
satisfy the standard boundary conditions:

d d
\I/ —_ = Paadl
w 2 ll/b 2 ’
(1
1
e = Lee)|
m, @z i=dp My 4z 2=d/2

where d is the QW thickness and the z direction is per-
pendicular to the QW plane. Here we exclude the k-
dependent terms® because at k=0 they give negligible
contributions to the in-plane effective mass. In a three-
band Kane model,?' the energy dependencies of the
effective masses, m,; and m; are described by

mg _ Eprb 2 1
——— =142F, ,+ |
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(2)

Here my is the free-electron mass, E, w5 the energy gaps,
A, , the spin-orbit splitting of the valence bands, E, 10, b
the interband coupling energies, and F, , the contrlbu-
tion from higher conduction bands. The energy E is
defined from the bottom of the conduction bands.

The boundary conditions (1) and Eq. (2) lead to the fol-
lowing equation for the determination of the dispersion

law [E (k)] for the lowest 2D subband:
kd |_ kC,D, 2D,+C, E}
tan = — . (3)
2 «CyDy 2D, +C, E;

Here AE, is the conduction-band offset,

C,=E+EY, D,=C,+A,

C,=E+E!—AE,, D,=C,—AE,

._ __ 3EC,D, e
(E¥)¥2D,+C,) "’

2_ 3(AEC.—E)CbDb 2
(E)¥2D,+Cy)

Equation (3) and the energy dependencies of the effective
masses [Eq. (2)] lead to an expression for the dispersion
from which the in-plane effective mass can be calculated:

m* =#/(d’E /dk}) . @)

In this way both the effect of nonparabolicity as well as
the effect of wave-function penetration into the barrier
material are taken into account.

No exact calculation of the nonresonant polaron
corrections to the bare electron effective mass has been
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performed. It is, however, possible to estimate these
corrections. For wide wells the electrons can be treated
as three dimensional and as originating in the
Gag 4/Ing s3As well material.?> The estimated polaron
correction is in this case m,~1.0lm*. In the opposite
case, that of very narrow QW'’s, the electron is two di-
mensional, but a significant part of its wave function re-
sides in the barrier material.”> The polaron correction is
in this case m,~1.06m™*. It has been shown that for a
quasi-2D system, many-polaron effects will only decrease
these corrections.?* Therefore, the real values of the po-
laron corrections lie somewhere between the values given
above, and do not influence our principal results.

In the calculation of the in-plane effective mass of
Gag 47Inj 53As on quantum-well width we used the fol-

lowing parameters for the well material:>> E¥=25.4 eV,

p
Eg“’=0. 815 eV, and A¥=0.36 eV. The contribution from
the higher conduction bands, F,= —3.13, is chosen to

reproduce the effective mass at the bottom of the conduc-
tion band, m, =0. 044m obtained from our bulklike
sample with L =1000 A. For the InP barriers we apply
the parameters26 E:—ZO 4 eV, E;—1.424 eV, A’=0.11
eV, and Fy=—1.24, which give the InP effective mass

4 =0.080m,,. The band  offset used s
AE.=0.37AE;=0.226 eV. The calculated dependence
of m on the quantum-well width is plotted in Fig. 3 (solid
line). These calculated values agree with the experimen-
tal data for thicker QW’s, but for the 80- A QW the ex-
perimental value of the effective mass corresponds to a
50% effective-mass increase, which is substantially larger
than that predicted by the model. Several nominally un-
doped 80-A samples show the same result.

Our calculations show that the increase of the effective
mass is mainly connected to the barrier leakage of the
electron wave function in the narrow QW. Nonparaboli-
city in a zero-width QW with the highest possible
confinement energy would result in only a 20% increase
of the effective mass. On the other hand, theoinﬂuence of
the barrier leakage is negligible in the 200-A QW. The
discrepancy between the theoretical and the experimental
values of the effective masses in the narrow QW’s may be
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connected with an unpredicted large penetration of the
wave function into the barrier. However, such penetra-
tion cannot be described by the applied boundary condi-
tions [Eq. (3)]. We have no firm explanation for this devi-
ation, but we can probably exclude the possibility of
strong band-filling effects, since microwave detected
Shubnikov-de Haas measurements?’ on the nominally
undoped 120- A QW showed that only the first subband
was occupied under similar excitation conditions as dur-
ing the FIR-ODCR measurements.

A self-consistent calculation of the band structure in-
cluding this low carrier concentration shows only a
minor influence. The band bending has its maximum in
the center of the broad 200-A well but is still only 7% of
the first quantization energy. For smaller well widths the
bending is much smaller. The result is that the influence
on the effective mass is small in this broad well and com-
pletely negligible in the narrow ones.

In summary, we have investigated the dependence of
the in-plane effective mass of the electron in
Gag 47Ing 53As/InP QW’s as a function of QW width.
The mass is found to increase substantially for well
widths smaller than 200 A. The data are compared with
a model in which the nonparabolicity and the wave-
function penetration into the barrier material are taken
into account. With decreasing QW width the
Ga, 47In, 53As/InP interfaces are observed to become im-
portant in the electron-scattering mechanisms, and the
electron-scattering time falls from 1.1 ps in the 1000- A
material to 120 fs in the thinnest well.

Note added in proof. We have been able to detect
FIR ODCR on an undoped 50-A QW. The deduced

*=0.058m,, i.e., =10% higher than the theoretical
prediction.
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