
PHYSICAL REVIEW B VOLUME 48, NUMBER 23 15 DECEMBER 1993-I

Resonant electron —optical-phonon interactions for impurities
in GaAs and GaAs/Al„Ga& „As quantum wells and superlattices

J.-P. Cheng
Department ofPhysics and Astronomy, State University ofNew York at Buffalo, Buffalo, New York 14260

and Francis Bitter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

B.D. McCombe*
Department ofPhysics and Astronomy, State University ofNew York at Buffalo, Bug'alo, New York 14260

G. Brozak
Francis Bitter National Magnet Laboratory, Massachusetts Instt'tute of Technology, Cambridge, Massachusetts 02139

W. Schaff
Department of Electrical Engineering, Cornell University, Ithaca, New York 14853

(Received 2 August 1993)

A systematic experimental study of confinement e6'ects on the strength of electron —optical-phonon in-

teractions is presented. The hydrogenic 1s-2p+& transition of shallow donors in bulk GaAs and
GaAs/Al„Ga, „As multiple quantum wells (MQW) and superlattices has been tuned through reso-
nances with the GaAs optical phonons by magnetic fields up to 23.5 T and followed with far-infrared
photoconductivity spectroscopy. Extremely large and asymmetric interaction gaps have been observed

0
in both two-level and three-level resonance regions for small-well-width (125 A) MQW samples. These
gaps decrease systematically as the well width increases, approaching the bulk limit for the largest-well-

0 0 0
width (450 A) sample. For the superlattice sample (80-A well and 9-A barrier), the interaction is

stronger than that for bulk, but much smaller than that for the MQW samples with comparable well

width. Results are consistent with enhancement of the interaction as confinement progresses from three
dimensions to two dimensions and demonstrate that the extent of the electronic wave function is the
most important factor determining the interaction strength. Other phonon modes (interface phonons)
may also contribute to the enhanced interaction for small-well-width samples. The 1s-3p+& transition
was also used to study the resonant polaron effects for strong-confinement MQW samples; results are
consistent with those from the 1s-2p+

&
transition.

I. INTRODUCTION

The interaction of an electron with longitudinal-optical
(LO) phonons (polaron) is an important mechanism
affecting electric transport properties in polar semicon-
ductors. Within the framework of the Frohlich formula-
tion, ' combined with the later development of quantum
field calculations, the problem has been extensively stud-
ied and is quantitatively well understood for three-
dimensional (3D) bulk materials. Recently, the
electron-optical-phon on interaction in quasi-two-
dimensional (2D) confined systems has attracted consid-
erable attention due to its fundamental importance in
carrier relaxation under hot-electron conditions. By
comparison with bulk material, the layered nanostruc-
tures are much more complicated and less clear due to
the effects of confinement on the electronic states and
to modifications of the bulk optical-phonon modes.
Initial theoretical calculations made use of the
Frohlich interaction Hamiltonian with bulk phonon
modes, and the 3D electronic states were replaced by ap-
propriate quasi-2D states. Within this framework an
enhanced polaron effect was predicted for systems with
reduced dimensionality. However, some assumptions in-

herent to this treatment, such as the continuum lattice
approximation and dispersionless phonons, may not be
appropriate to the layered structures. More realistic pho-
non modes, including confined optical phonons and inter-
face phonons, were observed by several groups' ' using
Raman-scattering techniques. Theoretical studies con-
cerned with these new lattice vibration excitations have
been carried out in both macroscopic dielectric continu-
um models and microscopic models. ' ' When these
phonon modes are used for the electron-phonon interac-
tion calculations, the behavior is very different from the
results employing 3D phonons, and the conclusions are
quite controversial. '

Several early cyclotron resonance (CR) experiments on
degenerate quasi-2D electron systems have led to some-
what confusing results for the magnitude of the interac-
tion; both enhanced and reduced polaron effects have
been reported. ' ' These apparent contradictions were
later explained by screening ' and occupation effects,
and recent CR measurements have demonstrated that
the interaction magnitude is indeed reduced with increas-
ing electron density in single heterostructures.

To avoid the complications of screening and occupa-
tion effects, the present experiments have been carried
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out on an alternative quasi-2D, but inherently single-
particle, system —shallow donors confined in multiple-
quantum-well (MQW) structures. Early work on this sys-
tem was limited to the field and energy regions where
essentially only the lowest branch of the resonant split-
ting can be clearly observed when the intraimpurity
1s-2p+, transition tuned by a magnetic field approaches
the GaAs phonons. ' One of these studies showed a
large sublinear deviation of the lower branch and a rapid
decrease of intensity of the transition at energies and
magnetic fields well below the resonance with the bulk
zone-center (I -point) LO phonon. To explain this "pin-
ning" behavior, an unrealistically large Frohlich coupling
constant was required. With an enhanced signal-to-noise
ratio and better resolution, we have recently extended the
earlier measurements throughout both the so-called two-
level and three-level resonance regions. Although no ap-
parent "pinning" behavior can be seen, extremely large
and asymmetric [with respect to GaAs LO (I ) phonons]
"interaction" gaps in the resonant energy region were ob-
served. The data can be fitted reasonably well by a cal-
culation that includes both electron —interface-phonon
and electron —confined-LO-phonon interactions. On the
other hand, other calculations have shown that the
interface-phonon effect decays rapidly as the well width
increases. At the well width of the sample used in the
experiment, the bulk LO phonon provides a reasonable
approximation. A systematic study of the well-width
dependence is crucial in achieving a detailed understand-
ing of the polaron problem in confined structures. Com-
parisons of results from MQW structures with those from
bulk GaAs and narrow-barrier superlattices are also im-
portant in comprehending the role of confinement on the
phonon modes and the relevance of these modifications to
the interpretation of various optical and electronic trans-
port phenomena.

In this paper we describe detailed far-infrared (FIR)
magnetospectroscopic studies of the well-width depen-
dence of impurity-bound magnetopolarons in several
GaAs/Al„Ga, „As MQW structures with well widths
between 125 and 450 A. A bulk GaAs sample and a su-
perlattice sample with an 80-A well and a 9-A barrier
were also investigated to provide base lines for compar-
ison for different purposes. Photoconductivity has been
used to follow the ls-2p+i (or ls-3p+i ) hydrogenic
donor transition for well-center donors which was tuned
through the resonant regions with GaAs optical phonons
by magnetic fields up to 23.5 T. The systematic decreases
of the "interaction" gaps and sublinear deviations with
increasing well width for the MQW structures are taken
to be evidence for an increased electron-phonon interac-
tion with increasing confinement, and possibly an indica-
tion of the increasing role played by interface-phonon
modes for the narrower well samples. Combined with the
results from superlattice and bulk GaAs samples, these
results demonstrate that the extent of the electronic wave
function is the most important factor determining the in-
teraction strength.

In Sec. II a brief outline of the relevant theoretical
background and the conditions necessary for achieving
two-level and three-level resonant interactions is present-

ed. Experimental details are provided in Sec. III, fol-
lowed by a description of the experimental results in Sec.
IV. A discussion of these results and other complications
is given in Sec. V, and finally a brief summary and con-
clusions are presented in Sec. VI.

II. BACKGROUND

The Frohlich Hamiltonian for the electron —polar-
optical-phonon interaction in bulk material can be writ-
ten as

H, =g V exp(iq r)(aq —a
q

with

y2 ~a
(2 e

)
—i/2(g )3/2 (2)

Q,q

where a (a ) is the creation (annihilation) operator of a
LO phonon with wave vector q and frequency co„o. m*
and r are the effective (band-edge) mass and the position
of the electron, respectively. 0 is the crystal volume, and
a is the dimensionless Frohlich coupling constant, which
can be determined from the static and high-frequency
dielectric constants and the effective mass [the accepted
value for GaAs is a=0.068 (Ref. 31)].

The self-energy correction AE and renormalized pola-
ron effective mass m' can be calculated in Rayleigh-
Schrodinger perturbation theory (RSPT). The first-order
energy correction vanishes because each term in H, con-
tains only a single creation or annihilation operator for
phonons. The second-order energy correction is

(n /H, „/m &(m /H„/n &

AE„=g
m Pl 777

(3)

where ~n & denotes an eigenstate of the noninteracting
Hamiltonian, including both electron and phonon states
(but no coupling between them), and the sum is over a
complete set of intermediate states. For a free electron in
bulk material, the total energy including correction is'

E(k) = —ah'coLo+ (1—a/6)(iiik) /2m *

= —aficoLo+(A'k) /2m *, (4)

where 1/m "=(1—a/6)/m *, or m *=m *(1+a/6),
when o. is small. The electron —LO-phonon interaction
lowers the total energy and increases the effective mass of
the quasiparticle.

The dynamical behavior of an electron in a quasi-2D
system is qualitatively different from that in a 3D system
due to the confinement, which leads to quantized energy
levels (subband structure) for motion in the confinement
direction. A straightforward approach to the calculation
of the polaron effect in such a system is to use the
Frohlich 3D interaction Hamiltonian H, of Eqs. (1) and
(2) and replace the 3D electronic states in

~
m & in the ma-

trix elements, e.g. , in Eq. (3), by appropriately modified
quasi-2D electronic states. For a free strictly 2D elec-
tron, this procedure yields

E(a) = —(vr/2)airicoLo+(A'a. ) /2m~*,
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with m *=m *(1+era/8) and a the two-dimensional
wave vector. In this simple formation the polaron effect
is enhanced by removing one electronic degree of free-
dom (hence, the restriction on the momentum conserva-
tion along the direction of confinement); the self-energy
correction is increased by a factor of vr/2, and the quasi-
particle mass correction is increased by a factor of 3'/4.

This simple theoretical treatment, however, may not be
adequate for some quasi-2D systems, since the lattice vi-
brations are also modified in a layered structure with
different materials, as in MQW's or superlattices. The
bulk phonon modes in this case should be replaced by
confined and interface-phonon modes, both of which can
interact with charged carriers since they produce associ-
ated long-wavelength polarization fields. '

Another feature inherent to superlattices is the possi-
bility of zone-folding effects. When the LO-phonon-
dispersion curves of the two alternating materials which
form the superlattice overlap, or when the thickness of
one material is very small so that the vibrations in the ad-
jacent layers can have a phase correlation, LO phonons
can propagate throughout the whole structure along the
growth direction. The new periodicity of the superlattice
results in a new reduced "mini" Brillouin zone. The orig-
inal bulk phonon modes having large wave vector along
the growth direction can now be folded back into the
small-wave-vector region of the first minizone. At
present it is not clear how this zone folding affects the
electron-phonon interaction, or indeed if there is enough
coherence of these propagating phonons to permit the
effects of zone folding to be seen in the electron-phonon
interaction.

For many polar semiconductors the electron —LO-
phonon interaction is sufficiently small (a «1) that the
self-energy correction and efFective-mass enhancement
given by Eqs. (4) and (5) are very difficult to observe ex-
perimentally. From Eq. (3) it is clear that there will be a
large resonant enhancement when E„approaches E
To avoid the divergence in Eq. (3) at resonance, other cal-
culational methods, such as Wigner-Brillouin perturba-
tion theory (WBPT), must be employed. In WBPT, Eq.
(3) is modified by replacing the denominator by the "self-
consistent" energy denominator (E„+b,E„E).Such-
an approach leads to a resonant splitting of the electronic
states into two branches when the electronic energy sepa-
ration is tuned through the energy (energies) of the in-
teracting phonons. In principle, the coupling strength
can be obtained directly from the splitting of the two
branches at resonance.

Optical resonant polaron experiments can be divided
into two general classes according to the number of elec-
tronic levels involved. In the simplest situation only two
electronic energy levels participate (the two-level pro-
cess). In this case, as shown in Fig. 1 (Two-Level), the
electronic energy separation, the optical-phonon energy,
and the probing light photon energy are identical at reso-
nance. This may lead to experimental difficultie since
polar semiconductors are essentially opaque in the energy
region between TO and LO phonon energies, i.e., the
reststrahlen band; hence the lower branch of resonant
splitting is masked in the vicinity of the optical-phonon

III. EXPERIMENT

All samples used in these studies were grown by
molecular-beam epitaxy (MBE). The
GaAs/Al Ga& As MQW samples (samples 1 —3) were
doped with Si donors at the well centers (central —,'): Sam-

ple 1: 125-A well, x =0.3; sample 2: 210-A well, x =0.3;
0

sample 3: 450-A well, x =0.23. The doping concentra-
tion is 1 X 10' /cm for samples 1 and 2, and 5 X 10' /cm
for sample 3. All these MQW samples have the same
barrier width, 125 A. The bulk GaAs sample (sample 4)
is a 10-pm epitaxial layer doped with Si at- 2X 10'"/cm
on an undoped GaAs buffer layer. Sample 5, the super-
lattice sample, consists of 40 periods of 80-A GaAs wells
separated by 9-A Alo 3Ga07As barriers, and each of the
wells was atomic planar (5) doped at the center with Si
donors at 10' /cm . The superlattice or MQW structures

E&2- E~o

Two Level Three Level

FIG. 1. Two-level and three-level resonant polaron process-
es. The probing photon energy is h v. For the two-level process,
h v=E«. For the three-level process, h~&E&o.

energies. These difhculties can be partially circumvented
by using very thin samples or sensitive photoconductivity
techniques. The best way to avoid such problems is to
make use of a three-level arrangement when possible, as
shown schematically in Fig. 1 (Three-Level). Electronic
states ~2) and ~3) are coupled via the emission or absorp-
tion of an optical phonon, so that at resonance the energy
difference between them is equal to the optical-phonon
energy. Instead of monitoring the optical transition be-
tween states

~

2 ) and
~
3 ) as in the two-level experiment,

one probes the transition between states
~

1 ) and
~
3 ) .

Thus the photon energy is larger (or smaller, depending
on the relative positions of E, and E~ ) than the optical-
phonon energy, and is thus free from strong lattice ab-
sorption and reAection. In the present experiments the
electronic states involved in the two-level process are the
confined hydrogenic impurity levels 1s and 2p+ i, the sep-
aration between which can be tuned into resonance with
the LO phonons of GaAs by magnetic fields between 15
and 19 T, depending on well width. In the three-level
process, states ~1) and ~3) are the ls and 2p+, hydrogen-
ic levels, while state ~2) is, e.g. , the 2p, level. The ener-

gy separation between 2p+& and 2p
&

(the cyclotron res-
onance energy) can be tuned into resonance for this
three-level process by magnetic fields between 20 and 23
T.



17 246 J.-P. CHENG, B. D. McCOMBE, G. BROZAK, AND W. SCHAFF

TABLE I. Summary of sample characteristics used in this experiment. The doping positions are central —, of the wells for samples
1 —3 and a planarly 6 doping for sample 5.

Sample

GaAs
well

width

125 A
210 A
450 A

10 pm
(bulk)
80 A

Al„Ga& As
barrier
width

125 A
125 A
125 A

9 A

Al composition
(x)

0.3
0.3
0.23

0.3

Doping
density

1 X 10' /crn
1 X 10' /crn'
5 X 10 /crn
2 X 10 "/cm'

1X10' /cm

Repetition

30
20
30

40

were sandwiched between two thick (1500—2000 A )

Al„Ga& As cladding layers, and the whole structure
was grown on a GaAs buffer layer on a semi-insulating

0
GaAs substrate and capped by a —100-A GaAs layer. A
summary of important parameters for all samples is listed
in Table I.

The photoconductivity of the MQW samples and the
superlattice sample was monitored by the capacitive cou-
pling technique. Two semitransparent chromium films
separated by a small gap were evaporated on the top sur-
face of the samples, acting as electrodes. The top
A1GaAs cladding layer acts essentially as an insulator at
low temperature, and the GaAs wells, due to photo-
thermal ionization of doped impurities, appear as a set of
parallel photosensitive resistors. A low-frequency ( —100
Hz) ac voltage was applied between the two film elec-
trodes coupled capacitively to the resistively conducting
quantum-well plates, and the ac current through the sam-
ple was detected by a current-sensitive preamplifier and a
lock-in amplifier. For the GaAs bulk sample Ohmic con-
tacts were made on the thick epitaxial layer by indium
diffusion, and the photoconductivity signal was measured
by standard techniques.

Far-infrared magneto-optical spectra were obtained
with Fourier-transform spectrometers in conjunction
with a 9-T superconducting magnet or a 23-T Bitter mag-
net. The FIR output of the spectrometers was guided by
light pipes and condensing-cone optics to the sample-
detector assembly (the detector was used for alignment
purposes). A thin cold black polyethylene film was
placed in front of the sample as a optical low-pass filter.
All data were taken at liquid-helium temperatures in the
Faraday geometry (magnetic field parallel to the propaga-
tion direction of FIR light and normal to the sample sur-
faces).

IV. RESULTS

A. Bulk GaAs sample

In order to obtain reliable conclusions for the
confinement effects on electron-phonon interactions in
quasi-2D systems, reference data on bulk material for
comparison are very important. Cyclotron resonance
measurements have been used to study the resonant pola-
rons in bulk GaAs. However, for intraimpurity transi-
tions in GaAs, we could not find existing experimental
data covering the whole resonant region. We thus believe

Bulk GaAs

tU
N

o
CL
N
tU
Lo
o

CL %7.5

~ ~ ~ ~ ~ ~ ~ ~

180 230 280 330 380
Ener gy (cm ')

FIG. 2. Photoconductivity spectra for the 1s-2p+& transition
for the bulk GaAs sample at several magnetic fields in the reso-
nant polaron region. The 18 T spectrum has been expanded for
convenience of vision.

that the data reported here are the most complete set for
impurity-bound resonant polarons in bulk GaAs. Aside
from providing a reference for comparison purposes, they
are interesting in their own right. For example, the
Frohlich coupling constant for bulk GaAs can be ob-
tained by comparison of experimental results with
theoretical calculations. '

In Fig. 2 we show the photoconductivity spectra of the
impurity 1s-2p+& transition in the resonant polaron re-
gion for sample 4. Notice that the 18-T spectrum looks
much noisier than the other spectra. This is due to the
fact that the transition is very close to the reststrahlen
band at this field and the photoresponse is substantially
reduced; thus the vertical scale has been expanded for
this spectrum for a clearer comparison. At low magnetic
fields (not shown in the figure), there is no transition ob-
servable beyond the LO (I ) phonon energy (296 cm ' at
low temperatures) in the spectra. The upper branch of
the two-level resonant splitting starts to appear at about
15 T (a weak peak at 297 cm '). lt grows in relative in-
tensity at the expense of the lower branch (strong peaks



RESONANT ELECTRON —OPTICAL-PHONON INTERACTIONS. . . 17 247

in the 15 and 17.5-T spectra) and moves up in transition
energy with increasing magnetic field. At 18.5 T it be-
comes the strongest line in the spectrum, and the lower
branch completely disappears. Meanwhile, several weak
features appear at even higher energies, and increase in
relative intensity as the field increases. These transitions
have been attributed to the three-level resonant processes
involving the 2p „3d 2, 4f ~, and 2po states. '

The impurity transition energies as a function of mag-
netic field have been plotted in Fig. 3 (dots). The curves
are calculations for the 1s-2p+, and 1s-2p0 transitions
without electron —LO-phonon interaction. The nonpar-
abolicity corrections to the 1s-2po and 1s-2p

&
transi-

tions are negligible since the transition energies change
by only a small amount over the whole magnetic-field re-
gion studied. For the 1s-2p+& transition the nonparabol-
icity correction has been taken into account by adding a
corrected CR energy to the 1s-2p, transition. The reso-
nant fields for the two-level process and the three-level
process involving the 2p &

state are about 19 and 22.5 T,
where the unperturbed 1s-2p+& transition crosses the
LO-phonon energy ELo and the energy of
[E(ls-2p, )+ELo j, respectively. At low fields the cal-
culation fits the 1s-2p+, transition data very well. Above
14 T the experimental data for the 1s-2p+& transition
clearly deviate from the unperturbed theoretical curve,
and the transition disappears at the TO-phonon energy
(the bottom of the reststrahlen band). The upper branch
of the two-level resonant process appears above the LO-
phonon energy, and it moves up with increasing magnetic
field. At even higher energies, four resonant branches
(three-level processes) —2p, +LO, 3d 2+ LO,
4f 3+LO, and 2po+LO —have been identified (see Ref.
31 for a detailed discussion). In addition, a nonresonant
feature has also been observed (shown as the open squares
in the figure), and the origin of this transition is not clear
at present.

B. Multiple-quantum-well samples

Photothermal ionization (photoconductivity) spectra of
the Is-2p+& well-center (central —,') impurity transition

20 ' 0 \ 0 ) ~ 0
y

~ ~ ~ I ~ ~ \ $ ~ ~ ~ t ~

Bulk GaAs ~ ~ e

~ ~O 0
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f00

20

0 4 8 12 1% 20 24

Magnetic Field (T)

FIG. 3. Impurity transition energy vs magnetic field for the
bulk GaAs sample. The dots are experimental data, and the
curves are calculations without electron-phonon interaction
(from Ref. 34). The open squares indicate the unidentified spec-
tral feature.

are shown in Fig. 4 for sample 1 (125-A well width). At
low magnetic fields [see 12-T spectrum in Fig. 4(a)j, in
contrast with the bulk results, the spectra exhibit a very
asymmetrical line shape, i.e., a sharp peak at high energy
with a tail extending -30—40 cm ' below. This is
characteristic of the impurity distribution in the well.
The sharp peak is due to impurities close to the well
center (maximum in density of states), while the tail re-
sults from the oA'-center impurity distribution in the
well. As the field increases (above 12 T), the relative in-
tensity of the sharp peak rapidly decreases, and near 14 T
it becomes a weak shoulder which is dificult to resolve
(indicated by arrows in the Figure). At fields above 14 T
a sharp peak appears in the frequency region just above

(a) Two-level pr ocess (b) Thr ee-level process

.0
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C
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0.5

0.0

FIG. 4. Capacitively coupled photoconduc-
tivity spectra for the 1s-2@+, transition for
sample 1 at different magnetic fields: (a) Re-
sults in the two-level resonance region and (b)
results in the three-level resonance region.

I I ~ I ~ I I
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Ener gy (cm ')
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~ I ~ I . i l I
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FIG. 5. Magnetic-field dependence of the impurity transition
energies for sample 1. Dots, experimental data; dashed curves,
calculated transition energies in the absence of interaction (Ref.
37); solid curves, calculation including electron-confined-LO-
phonon and electron —interface-phonon interactions (Ref. 28);
and dot-dashed curves, calculation with electron —(3D) LO-
phonon interaction (Ref. 30).

the GaAs LO (I ) -phonon energy, which rapidly in-
creases in intensity with increasing field. At still higher
fields in the three-level resonance region [Fig. 4(b)j near
21 T, a splitting and intensity variation typical of an an-
tilevel crossing similar to that observed near 14 T is clear-
ly discernible, and it has been attributed to the interac-
tion between the states

~ 2p+ i,0-phonon ) and
~2p „I-phonon). In comparison with the spectra of
bulk GaAs in this field region, we cannot resolve the
three-level resonance branches involving higher excited
states. This is partly due to the fact that the confinement
increases the energy separations of the impurity states (in
fact, the 2po state, associated with the second subband, is
well beyond the spectral region at this well width); hence
a higher magnetic field is needed for the resonance condi-
tion. In addition, the complex line shape due to the im-
purity distribution in the well, the lower resolution, and
the lower signal-to-noise ratio in comparison with the
spectra of bulk GaAs also increase the difficulty in distin-
guishing these branches. Nevertheless, the spectra at
highest fields show some structures (shoulders) at the
high-energy side of the peak, which might be the indica-
tions of the three-level resonance branches involving the
higher excited states associated with the first subband
and %=0 Landau level, such as 3d z and 4f

The transition positions of Fig. 4 as a function of mag-
netic field are plotted in Fig. 5. For fields near 14 T, the
positions of the "shoulders" on the high-energy side of
the line profile, marked by arrows in Fig. 4(a), are plot-
ted. The larger error bars for data points at the highest
fields are partly due to the lower resolution. The dashed

curves are the calculations for the 1s-2p+& transitions in
the absence of polaron interaction; a correction for non-
parabolicity has been made to the calculation in a way
similar to that discussed for the bulk sample, except that
the CR mass in this case has to be corrected by both
confinement and field effects. Three branches separated
by two gaps are clearly observed. The lowest branch is
depressed from the unperturbed curve for fields above 10
T and disappears completely in the region above 245
cm ' (above 14.5 T), even though the slope in the
energy-versus-field plot has not yet approached zero at
this point. This energy, at which the line disappears, is
well below ( —50 cm ') the zone-center LO-phonon ener-

gy for GaAs, resulting in an extremely large and asym-
metric (with respect to the GaAs LO phonon) "interac-
tion" gap. The middle branch is actually the upper
branch of the two-level process

E(2p+, )-E(»)=ELo,
and the lower branch of the three-level process

«2p+i) — ( p —i)= Lo

and thus represents the overall effect of these two reso-
nant interactions. It moves up very slowly with field,
crossing the unperturbed curve at approximately 17 T,
and gradually approaches a frequency of about 330 cm
again about 50 cm ' below the frequency for pinning
with a three-level process involving bulk GaAs LO (I )

phonons. The upper branch for the three-level process
begins at an energy of E(1s-2p, )+ELo, increases in en-

ergy with the field, and approaches the unperturbed tran-
sition energy at the highest fields. It is apparent that the
"interaction" gaps are very large and asymmetric, if it is
assumed that the interaction takes place only with bulk
zone-center LO phonons, and these anomalies in the reso-
nant polaron regions strongly suggest that electrons are
also interacting with other phonon modes that have
lower energies than the bulk LO (I ) phonons.

A calculation including electron —confined-LO-phonon
and electron —interface-phonon interactions for a single
QW with the same well width (125 A) has been carried
out, and the result is shown by the solid curves in the
Figure. The remarkable characteristic of the calculation
is the lower branch pinning at the TO (I ) phonon energy
rather than the LO (I ) phonon energy, which leads to a
large and "asymmetric" interaction gap, in qualitative
agreement with experimental data. On the other hand,
another calculation using only GaAs bulk LO (I ) pho-
nons gives nearly equal agreement, shown in Fig. 5 by
the dot-dashed curves. The largest discrepancy occurs
for the upper branch of the two-level resonance, where
the experimental data are systematically below the calcu-
lated curve using only the bulk LO phonon, but higher
than the calculation with both electron —confined-phonon
and electron —interface-phonon interactions included.
More detailed discussions will be given in Sec. V B.
Based on these results, the well-width-dependent study is
very important to understand quantitatively the magni-
tude of the resonant polaron interaction and to clarify the
major contributions among different interaction mecha-
nisms.
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Photoconductivity spectra of the 1s-2p+
&

impurity
transition for sample 3 (450-A well width) are shown in
Fig. 6 at various magnetic fields. In the two-level reso-
nant energy region [Fig. 6(a)] the relative intensities of
the two lines show typical antilevel crossing behavior, the
lower branch disappearing at an energy slightly lower
than the TO-phonon energy (the bottom of the
reststrahlen band). This energy is much higher than that
for sample 1. As the field is increased further, as we have
discussed above, the ~2p+ „0-phonon ) state will cross the
states ~2p „1-phonon) and other higher excited states
associated with the N=O Landau level in a magnetic
field, such as ~3d z, l-phonon) (ground subband) or
~2po, l-phonon) (second subband). These three-level res-
onances have been clearly observed, as shown in Fig. 6(b),
where the relative intensities of the three peaks show a
typical interacting antilevel crossing behavior.

The transition energies as a function of magnetic field
for this sample are plotted in Fig. 7 (dots). The solid
curves are the unperturbed 1s-2p+& transition energies
based on the calculation of Ref. 37 with a correction for
nonparabolicity. In addition to the two-level interaction
gap, two separate three-level interaction gaps are ob-
served at energies above the LO (I ) phonon; one is due
to the 2p &

state and another possibly due to the 3d
38

—2
state. At magnetic fields between 14 and 17 T, the ex-
perimental data show clear depression from the unper-
turbed transition curve at energies below the TO (l )

phonon, resulting in a large and asymmetric gap with
respect to the crossing point of the unperturbed 1s-2p+&
transition with the LO (1 ) phonon energy. This ap-
parent gap is smaller than that of sample 1, but compara-
ble to that of bulk GaAs. Dielectric "artifacts" with op-
tical response cannot be completely responsible for this
sublinear behavior, as discussed below. In addition, ex-
perimental data taken on the bulk GaAs (sample 4) show
less deviation from the unperturbed transition at even
higher energies than those for sample 3 (the highest ener-

gy data point of the lowest branch is —5 cm ' below TO
energy for sample 4 and —8 cm ' for sample 3), indicat-
ing that the slightly different behavior at the energies

very close to the resonances between samples 3 and 4 can-
not be explained merely by dielectric artifacts.

The ls-2p+i transition spectra for sample 2 (210-A
well width) show behavior in magnetic fields similar to
that observed in samples 1 and 3. However, the magni-
tude of the "anomalies" in the resonant polaron region
for sample 2 lies between those for samples 1 and 3 in a
systematic way. For example, the apparent "interaction
gaps" for this sample are larger than those for sample 3,
but smaller than those for sample 1, and the energy at
which the lower branch of the two-level process disap-
pears is lower than for sample 3, but higher than for sam-

ple 1.
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FICx. 7. Transition energies of 1s-2p~& for sample 3 as a
function of magnetic field. The circular dots are experimental
results, and the solid lines are the calculated transition energy in

the absence of electron —phonon interaction (Ref. 37).
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C. Superlattice sample

The superlattice sample (sample 5) provides another
reference for comparison with the MQW samples. Due
to very thin barriers, the electronic wave function is
much more extended than the narrow-well MQW sample
(sample 1). The confined-LO-phonon modes can be-
come propagating modes in such thin-barrier superlat-
tices; hence the zone-folding effects on electron-phonon
interactions can be explored. In addition, sample 5 has a
smaller GaAs well width than sample 1, so it is expected
that the interface-phonon modes may play a more impor-
tant role. Detailed comparison of the results of superlat-
tices with MQW s should yield more information con-
cerning various mechanisms of electron-phonon interac-
tions in the confined structures.

The capacitively coupled photoconductivity spectra for
sample 5 at several magnetic fields in the resonant pola-
ron region are shown in Fig. 8. At low magnetic fields,
the 1s-2@+& transition is a sharp, symmetric line due to
the well-center planar 5 doping for this sample. At about
15 T the upper branch of the two-level resonant process
begins to appear at the LO (I ) energy, increases in rela-
tive intensity, and moves to the higher energies as the
field increases. With increasing magnetic field, the lower
branch loses intensity and nearly disappears as it ap-
proaches the GaAs TO phonon (at about 19 T). Howev-
er, at slightly higher fields, it reappears inside the
reststrahlen band and finally vanishes at the highest mag-
netic fields. Due to a slightly larger CR mass for this su-
perlattice sample, ' the available field is not large enough
to tune the ~2p+„0-phonon) state to cross over the
three-level resonant region with the ~2p, , l-phonon)

state. However, an indication of the three-level process
can be seen at about 345 cm ' in the spectra at the
highest magnetic fields.

In Fig. 9 we display the magnetic-field dependence of
the impurity transitions for this sample (solid squares)
and compare the results with the bulk GaAs data (small
open circles). The lower branch of the two-level reso-
nance shows a clear sublinear behavior as it approaches
the resonance. At the TO (I ) energy, the transition ener-

gy shows a sudden jump, and it is pinned to -285 cm
at higher fields. This might be due to the
electron —interface-phonon interaction, since one of the
interface-phonon modes is at GaAs TO-phonon energy in
the long-wavelength limit, and the maximum of the den-
sity of states (interface-phonon modes) should lie some-
where between the GaAs TO- and LO-phonon energies in
the middle of the reststrahlen band. On the other hand,
the dielectric effect may also distort the spectra, and must
be considered. We expect that the dielectric effect is
small since the transition can appear inside the
reststrahlen band. In comparison with the results of bulk
GaAs, this sample shows a slightly larger sublinear
behavior in the lower branch and a larger apparent in-
teraction gap for the two-level resonance. The upper
branch of the two-level process (or the lower branch of
the three-level process) approaches an energy lower than
that of the bulk GaAs sample in the highest field region,
indicating a larger interaction splitting for the three-level
resonant process, which is consistent with the results of
the two-level resonant process. In comparison with the
results for the MQW samples, this sample shows much
smaller apparent "interaction gaps" than the narrow-
well-width samples (samples 1 and 2), but comparable
with the wide-well-width sample (sample 3).

8OA/9A Super lattice

22

4 20 ~ 0 g ~ ~ T
g

~ 0 ~
g

~ ~ ) F ~ g f ~ g

BOA/BA Super lattice

21

18

17

340-
E
O

?60-
03
C:

UJ

C0
~& 180-

N
C:
tg
L i00-

0000$ X

I~IIlls
LQ ~ ~ ~~m~gP

~a X
TQ ws~~

ooa0gS0g
Og

0e

~I~0

I~

I 1s 2p+gI

I
0

~ ~ ~ ~ I ~ ~ a a I ~ ~ a ~ I ~ a I

i60 2io 260 310 360
Ener gy (crn ')

410

20 i

00
00

FIG. 8. Capacitively coupled photoconductivity spectra of
the 1s-2p+& transition for sample 5 at magnetic fields of the res-
onant interaction region. Notice that the transition can be ob-
served inside the reststrahlen band between TO (273 cm ') and
LO (296 cm ') phonon energies.

0 4 8 l2 i6 20 24

Magnetic Field (T)

FICx. 9. The 1s-2p+& transition energy vs magnetic field for
sample 5 (solid squares). The experimental results for bulk
GaAs (sample 4) are also plotted as open circles for comparison.
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' D. The 1s-3p+& transition

As a complementary measurement, another shallow
impurity transition, 1s-3p+ &, has also been used to study
the resonant magnetopolaron effects in strongly confined
structures. Figure 10 shows the capacitively coupled42

photoconductivity spectra for sample 1 (125-A well
width) at several magnetic fields. The dominant feature
in the spectra is the 1s-2p+& transition. A much weaker
peak at higher energy has been identified as the 1s-3@+

&

transition of the well-center impurities according to the
electric dipole selection rules in this geometry and the
low-field —high-field correspondences of hydrogenic im-
purity states in a strongly confined system. With in-
creasing magnetic field, this transition moves to higher
energy approximately twice as fast as the 1s-2p+& transi-
tion; thus it can be tuned through the resonance region at
much lower magnetic field. When the field reaches about
6 T, the intensity of the 1s-3p+& transition decreases
dramatically and completely disappears at slightly higher
fields. Meanwhile, a "new" line (the upper branch of the
two-level resonance) appears at an energy slightly higher
than the GaAs LO (I ) phonon and moves to higher ener-
gies at even higher fields. The three-level resonant pro-
cess for the 1s-3p+

&
transition,

E(3p, )
—E(2p, ) =E„

should occur at —11.5 T. At present, the measurements
have been carried out only in a 9-T magnet, and the
three-level resonance cannot be seen at this field.

A plot of the 1s-3p+& transition energy versus magnet-
ic field is presented in Fig. 11. The curve in the plot is a
rough calculation for the transition energy without pola-
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FIG. 11. Magnetic-field dependence of the 1s-3p+
&

transition
energy for sample 1. The curve is a rough fitting (see text) for
the unperturbed impurity transition.

ron interaction, obtained from

E(1s-3p+, )=E( ls-2p, )+2iiico, +b, ,

where E(ls-2p, ) is the ls-2p, transition energy in

QW calculated in Ref. 37, fico, is the CR energy, and b, is
a parameter introduced to take into account the zero-
field energy difference between 2p and 3p. A nonparabol-
icity correction has been made to the CR energy. It is
clear that the experimental data in the lower branch devi-
ate to lower energies from the unperturbed transition at
magnetic fields far from the resonant field (at which the
unperturbed transition energy crosses the LO-phonon en-

ergy) and completely disappear around 245 cm ', well
below the LO ( I ) -phonon energy, resulting in a very
large and asymmetric "interaction" gap. These results
are qualitatively the same as the results observed for the
1s-2p+& transition in the two-level resonant polaron re-
gion (see Fig. 5).
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FIG. 10. Photoconductivity impurity transition spectra for
sample 1 at several magnetic fields. The 1s-3p+& transitions are
highlighted by the dashed lines. The weak features at -296
cm ' in the low-magnetic-field ( ~5 T) spectra are the LO-
phonon responses, not the impurity transition.

V. DISCUSSIONS

A. Well-width dependence

The results for MQW samples have clearly shown that
the observed apparent interaction gaps in both two-level
and three-level resonant interaction regions progressively
decrease as the well width increases, and approach the
bulk 3D limit for the large-well-width MQW sample
(sample 3), indicating enhanced electron-phonon interac-
tions in a confined system.

In Fig. 12 we compare the observed energy deviations
from the calculated unperturbed transitions in the lowest
branch by plotting the negative energy shift as a function
of magnetic field measured from the resonant field, B„,
[the field at which the unperturbed transition crosses the
GaAs LO ( I ) energy]. Differences in nonparabolicity
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FIG. 12. Comparison of energy deviations from the unper-
turbed transition for the lowest branch for different well-width
MQW samples and the bulk GaAs sample: B„„=17.2, 18.0,
18.9, and 19.1 T for samples 1, 2, 3, and 4, respectively.

corrections for different well widths have been taken into
account in determining the unperturbed transition ener-
gies. There is no discernible difference between the
450 A well-width sample and the bulk sample within the
experimental error until the magnetic field is within
—1.5 T of B„„where the data for the 450-A we11-width
sample clearly show larger deviations than those for the
bulk. As the well width decreases, the magnitude of the
deviations increases systematically, indicating a stronger
electron-phonon interaction for narrower-well-width
samples, and consistent with the conclusion from the gap
comparison.

The enhanced polaron effects in strongly confined
structures can be attributed to two major mechanisms:
one is electronic wave-function confinement, which leads
to a larger phase space for the electron due to the fact
that the translational symmetry (momentum conserva-
tion) is broken along the confinement direction; the
second is the electron —interface-phonon interaction.
Both mechanisms exhibit qualitatively similar depen-
dence on the QW width, namely, the strength of the in-
teraction increases with decreasing well width, as ob-
served on the MQW samples in the present experiments.
For the superlattice sample (sample 5), the results favor
the former mechanism. The electronic wave function in
the superlattice sample is much more extended than that
in the narrow-well-width MQW samples (but less extend-
ed than that in the bulk sample) due to the thin bar-
riers, and we expect stronger interface-phonon effects in
the superlattice due to the narrower wells in comparison
with the MQW samples. The observed behavior for this
sample, overall, is very similar to that of the bulk sample
with slightly larger interactions, demonstrating that the
electronic wave-function extent in the confined direction
is the most important factor determining the strength of
the resonant polaron interactions in confined structures
in the well-width region studied.

B. Interface-phonon efFects

The above conclusion does not exclude the possibility
that the interface phonons play an important role for
small-well-width samples, and, in fact, some detailed
features in the results for sample 5 (the superlattice sam-
ple), such as the sudden jump of the transition energy at
the TO phonon (the lower edge of the interface-phonon
modes) and apparent pinning behavior between the TO
and LO energies, might be a signature of
electron —interface-phonon interaction. In addition, the
asymmetry of the apparent gaps [with respect to the
GaAs LO (I ) phonon] observed for the narrow-well-
width MQW samples strongly suggests that electrons in-
teract with more than one set of phonon modes and that
some contributions come from phonon modes below the
LO-phonon energy.

A theoretical calculation for impurity-bound magneto-
polarons in a quantum well has been carried out recently
considering both electron —interface-phonon and
electron —confined-LO-phonon interactions, and the re-
sults for a 125-A well-width QW has been plotted in Fig.
5 as the solid curves for comparison with the experimen-
tal data. Due to the interface-phonon dispersion, which
forms a band between the TO- and LO-phonon ener-
gies, " ' a large interaction gap between TO and LO
phonons has been predicted, which qualitatively agrees
with experimental observation for narrow-well-width
MQW samples, and the calculation fits the data for
sample 1 reasonably well. However, the calculations do
not show how this gap changes as the well width changes.
In principle, the electron —interface-phonon interaction
should decrease rapidly as well width increases since the
interface-phonon modes are confined to a narrow spatial
region close to the interfaces, and the results of MQW
samples are qualitatively consistent with this assertion.
On the other hand, the electronic wave-function
confinement will also lead to the same qualitative result
in the well-width dependence. In fact, it is the most im-
portant factor determining the interaction strength, as
discussed above; therefore, it is dificult to extract the
contribution of the electron —interface-phonon coupling
from present results without very accurate calculations
with various interaction mechanisms.

In contrast to the above model calculation, a recent
calculation employing the 3D Frohlich Hamiltonian
(ignoring interface-phonon modes) agrees equally well
with the experimental data for sample 1 (shown in Fig. 5

as the dot-dashed curves). Nonparabolicity corrections
were claimed to be essential to fit the data. With this
model calculation, the only "pinning" energies are those
involving the bulk GaAs LO (I ) phonon, and the reso-
nant splitting should be centered about those energies, re-
gardless of the sample structure; thus it is very difTicult to
understand the extremely asymmetric gaps observed for
the narrow-well-width MQW samples, and more impor-
tantly, the systematic tendency for the lower branch of
the two-level resonance to disappear at lower and lower
energies (well below the LO and TO energies) as the
confinement increases.

Due to many other complications (such as dielectric
efFects), the present data do not provide any clear evi-
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dence for the electron —interface-phonon interaction,
even though some features can be explained naturally by
the interface-phonon effects. Detailed comparisons be-
tween the experimental data and theoretical calculations
with different mechanisms are necessary in order to clari-
fy this issue. Although the electron —(3D) LO-phonon in-
teraction model with sufficiently accurate coupling con-
stant a (Ref. 44) might be a good approximation for the
large-well-width QW's, it has to be replaced by the
electron —confined-LO-phonon and electron —interface-
phonon interaction for sufficiently strong confinement
structures, since those are the only proper phonon modes
in such structures.

C. Dielectric eÃects

The dielectric function of a polar semiconductor
diverges at the TO-phonon energy and becomes negative
between TO and LO phonons; thus in optical measure-
ments the spectroscopic line shape could be strongly dis-
torted if the transition energy were very close to the pho-
nons, leading to so-called dielectric artifacts. For mul-
tilayered structures, it could be even more serious due to
the internal multiple-reAection interference of the light
near the reststrahlen band; hence it is particularly impor-
tant to study the dielectric response of FIR light for our
samples in order to ensure that the data in the two-level
resonant region are reliable.

A computer simulation for the transmission spectra,
which are more sensitive to dielectric effects than the
presently employed photoconductivity techniques, on
typical MQW structures has been carried out. Bulk
dielectric functions appropriate to the lattice properties
of the wells and barriers were used, and a Lorentzian
electronic oscillator was taken to represent the impurity
transition. The transfer matrix method was used to
couple the E field of the light between the adjacent layers,
and the normalized transmission spectra were obtained
by ratioing the transmitted spectrum with an impurity
transition oscillator to the spectrum without the oscilla-
tor. Results have shown that the positions of the
transmission minima will not deviate ( (2 cm ') from
the input transition energies until the minimum is very
close to the TO phonon (within —5 cm '), and there is
no sudden vanishing of the absorption intensity (oscillator
strength) in the energy region where the ls-2p+, transi-
tion disappears as observed in the experiment. It is
clear that dielectric effects alone cannot explain the ob-
served anomalies in the resonant region for the narrow
QW samples. However, it is worthwhile to point out that
bulk dielectric properties may not be completely suitable
for the nanostructures, since the lattice vibrations should
be modified by the boundary conditions; hence the new
phonon modes, such as the confined TO (LO) phonons
and interface phonons in quasi-2D systems, should be
used to calculate the dielectric functions or optical
responses in nanostructures.

D. Zone-folding effect

Under certain conditions, such as very thin
Al Ga& „As barriers and/or overlap of the GaAs LO-

phonon-dispersion curve with the Al„Ga, „As GaAs-
like LO-phonon dispersion, the phonon modes may prop-
agate along the superlattice direction. Very recently, the
confined-to-propagating transition of LO phono ns in
GaAs/Al„Ga& As superlattices has been observed ex-
perimentally. Results show that the transition depends
on both the barrier width and the Al composition, x. In
a propagating-LO-phonon superlattice, the original LO-
phonon dispersion can be folded into a mini-Brillouin
zone according to the superlattice period, and the elec-
trons in the well thus might interact with the folded-
zone-edge (X point) LO phonons at much lower energies
[-250 cm ' for GaAs LO (X) phonon] than with the
LO (I ) phonon. This assertion can provide a possible ex-
planation for the anomalies observed on the narrow-
well-width MQW samples —more specifically, the lower
branch of the two-level resonance disappearing at the en-
ergy region near to the GaAs LO (X) phonon. ~6 If this
explanation is correct, we would expect much larger
zone-folding effects for our thin-barrier superlattice sam-
ple (sample 5), since it is much easier for the LO phonon
to propagate. Experimentally, we can follow the impuri-
ty transition up to the TO (I ) -phonon energy without
seeing any anomalous behavior (disappearing) in the tran-
sition intensities as such as those observed for the strong-
ly confined MQW samples (see Figs. 8 and 9). This is the
opposite of expectations based on zone folding. From the
results of Ref. 40, we estimate that all of our MQW sam-
ples are in the confined-LO-phonon region, while the su-
perlattice sample is in the propagating-LO-phonon re-
gion. These facts demonstrate that the electron —folded-
LO-phonon interaction is very small and can be neglected
in present investigation, contrary to earlier suggestions.

VI. SUMMARY AND CONCLUSIONS

With no complications of screening and occupation
effects, impurity-bound resonant magnetopolarons have
been clearly observed in bulk GaAs, and in
GaAs/Al Ga, As superlattices and MQW's with
different well widths for both two-level and three-level
resonant interactions. For strongly confined MQW sam-
ples, the lower branches of the resonances show large de-
viation from the unperturbed transition and disappear at
energies far below the GaAs LO (I ) phonon, resulting in
extremely large and asymmetric [with respect to GaAs
LO (I ) phonons] apparent "interaction" gaps. These
gaps, as well as the sublinear deviations, decrease sys-
tematically as the well width increases and approach the
3D bulk limit for the widest well sample. These experi-
mental facts clearly show that the electron-phonon in-
teraction is enhanced by one-dimensional confinement.
The superlattice sample shows a stronger interaction
than the bulk, but much weaker interaction than the
MQW samples with comparable well width, indicating
that the most important factor for enhanced polaron in-
teraction in quasi-2D systems is the electronic wave-
function compression. The interface phonons may also
contribute to this enhancement, particularly for the
narrow-we11-width samples, but a definite conclusion
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would require detailed comparisons between the experi-
mental results and theoretical calculations. The
electron —folded-LO-phonon interactions and dielectric
artifacts (with bulk dielectric properties) are not responsi-
ble for the anomalies observed on the narrow-well MQW
samples based on our experimental facts and a computer
simulation; however, a revised dielectric function includ-
ing confined phonons and interface phonons for quasi-2D
structures should be used in these investigations. Such an
approach might provide an explanation for the vanishing
of the transition intensity observed on the strongly
confined samples in the resonant polaron region.
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