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E. Glaser, B. V. Shanabrook, R. L. Hawkins, * and W. Beardt
Naval Research Laboratory, Washington, D.C. 20375-5000

J.-M. Mercy and B. D. McCombe
Department of Physics and Astronomy, State University of New York at Buffalo, Buffalo, New York 14260

D. Musser
Martin-Marietta Laboratories, Martin-Marietta Corporation, 1450 South Rolling Road, Baltimore, Maryland 21227

(Received 24 August 1987)

Far-infrared magnetoabsorption experiments have been performed at 4.2 K on GaAs/
Al Ga| „As multiple-quantum-well (MQW) heterostructures that were selectively doped with Si
donors in the centers of the quantum wells and barrier layers. Data were obtained for several
values of dopant concentration in the barriers. The results provide strong evidence for the binding
of electrons in the wells to positively charged ions in the barriers.

Recently, the nature of isolated hydrogenic impurities
in systems of reduced dimensionality has received much
theoretical' and experimental attention. Shallow donors
in GaAs/Al„Ga&-„As multiple quantum wells have prov-
en to be a model system for experimental investigations.
Previous experimental studies have reported absorption
features associated with confined neutral donors in the
GaAs wells. The transition energies of these lines as func-
tions of the well width, the position of the impurity centers
within the wells, and the strength of an applied magnetic
field are in very good agreement with recent calculations. '

In the present work, we report the results of far-
infrared magnetoabsorption experiments performed at
4.2 K on molecular-beam-epitaxy (MBE)-grown GaAs/
Alp sGao 7As multiple-quantum-well (MQW) heterostruc-
tures that were selectively doped with Si donors over the
central third of the quantum well and barrier layers. The
electron concentration (n) in the quantum wells was ad-
justed by varying the dopant concentration in the barriers
(Nb). Motivations for this investigation include (a) the
need for detailed information on the binding of electrons
in the wells to positively charged impurities in the bar-
riers, (b) the possibility of studying the sct'eening of the
Coulomb interaction by free carriers in this quasi-two-
dimensional system, and (c) the identification of previous-
ly observed and unidentified absorption features reported
in recent studies of shallow donors in MQW structures.

The present measurements reveal an absorption line
that is characteristic of weakly bound electrons in the
GaAs layers. Because this absorption feature exhibits a
strength that is proportional to the dopant concentration
in the barrier, it appears to arise from an intracenter tran-
sition of an electron bound to a positively charged
Coulomb center in the Al„Ga~ —„As barrier layers. This
assignment is consistent with results of recent theoretical
investigations.

The samples investigated consisted of GaAs/Alo 3-
Gao7As multiple quantum wells (—50 layers) grown on
semi-insulating GaAs substrates. The well and barrier

widths were approximately 200 A. While the central
third of the QW's was doped with Si at a density of
1 x10's cm 3 (N ), the dopant density in the central
third of the barrier layers (Nb) varied between 1 and
8 x10's Si atoms/cm . A control sample was also grown
with the same set of structure parameters and dopant den-
sity in the wells but with undoped Alo 36ao 7As barrier
layers.

The far-infrared measurements were made in a light
pipe system at 4.2 K with a Bomem Fourier-transform
spectrometer in conjunction with a Ga:Ge photoconduc-
tive detector and a 13-T superconducting magnet. Data
were obtained with the QW growth axis parallel to the ap-
plied magnetic field and incident radiation. The ground
state (m-0) to first excited state (m +1) transitions
are the dominant features observed under these experi-
mental conditions. The transitions are labeled by the usu-
al low-magnetic-field hydrogenic spectroscopic notation,
where+ refers to the magnetic quantum number + 1.

Transmission spectra obtained at 4.2 K for several
values of dopant concentration in the Al„Gai „As barrier
layers are shown in Fig. 1. The peaks observed in these
spectra, labeled by 1, 2, and 3, occur at energies higher
than that of electron cyclotron resonance (CR). The ob-
servation of absorption features 1 and 2 have been report-
ed preliminarily in recent works. 6 As the samples are
heated to higher temperatures, we observe a decrease in
the absorption strength of these features and a simultane-
ous increase in the intensity of cyclotron resonance.
Therefore, these features arise from defects that weakly
bind electrons. Furthermore, because the transition ener-
gies of the features in Fig. 1 scale with the component of
the magnetic field parallel to the growth axis, they cannot
be attributed to shallow donors in the substrate or buH'er

layers of the sample. ' The origin of peak 3, which
occurs at —178 cm ' when B 9 T, is well understood
and arises from ls-2p+ transitions associated with the
neutral-donor impurities located in the center of the GaAs
wells.
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FIG. 1. Representative transmission spectra obtained for
several values of dopant concentration (Nb) in the barrier lay-
ers. Peaks 1 and 3 are assigned to intra-impurity transitions of
electrons bound to donors in the centers of the barriers and
wells, respectively. Bars indicate typical noise levels (CR
denotes cyclotron resonance).

As indicated in Fig. 1, the strength of the absorption
features labeled 1 and 2 increases significantly with in-
creasing Nb. In addition, these low-energy absorption
features exhibit a rapid decrease in intensity relative to
that of peak 3 as the temperature is increased to 20 K.
This observation suggests that absorption features labeled
1 and 2 arise from impurities whose ground state is shal-
lower than that of donors located at the center of the
quantum well. A comparison of two samples with two
different barrier widths and nominally the same well
widths indicates that peak 1 shifts to higher energy as the
barrier width is reduced. The peak positions of features 2
and 3 are unchanged to within our experimental error.
This observation combined with those previously men-
tioned suggests that peak 1 arises from an intra-impurity
transition of an electron in the quantum well bound to a
positively charged ion in the barrier. Peak 1 occurs at a
higher energy for samples with smaller barrier widths be-
cause the mean separation between the positively charged
ion in the barrier and the weakly bound electron in the
quantum well becomes smaller.

A compilation of the transition energies as a function of
magnetic field for the samples with barrier widths of 200
A. is shown in Fig. 2. Recent calculations have been per-
formed for the binding energies of the ground and first
few excited states for electrons in the wells in the presence
of a uniform distribution of donors and a magnetic field
applied perpendicular to the layers. The results for the
ground-state (m =0) to first-excited-state (m =+ 1 ) tran-
sition energies for donors located at the centers of the
wells (L„=200 A) and barriers (L„=200 A) are shown
in Fig. 2 by the solid and dashed lines, respectively. In ad-
dition, at zero magnetic field, the dipole matrix element
for electronic transitions associated with donors located at
the center of the barrier layers is predicted to be

FIG. 2. Compilation of the transition energies of the three
peaks at 4.2 K. The ground-state (m =0) to first-excited-state
(m +1) transition energies calculated for donors located at
the centers of the wells (L„=200 A) and barriers (Lb 200 A)
are shown by the solid and dashed lines, respectively. The errors
associated with the determination of the peak positions are
—1-2 cm

significantly greater than that for donors located at the
center of the quantum wells.

The present observations of the substantial difference in
line intensities between the low- and high-energy peaks,
the dramatic increase of the integrated intensity of peak l
with dopant density in the barrier, and the agreement be-
tween theory and experiment for the intracenter transition
energies verify our assignment of peak 1. The absorption
"tail" observed at frequencies above the resonance energy
of line 1 is attributed to a distribution of donor atoms
away from the center of the barriers and, thus, closer to
the electrons in the wells. This leads to a distribution of
bound states with larger binding and transition energies
associated with those positive ions in the barrier located
closer to the GaAs/Al„Ga~ -~As interface.

The origin of peak 2 is not understood. Several possibil-
ities have been considered; transitions arising from (a)
higher-lying excited-state transitions of the barrier impur-
ities, (b) interfacial impurities, and (c) D centers.
Possibility (a) appears unlikely because the energy of
peak 2 does not change as the barrier width is reduced.
Possibility (b) appears not to be viable because calcula-
tions predict that electronic transitions involving interfa-
cial impurities should occur at a substantially lower ener-

gy than peak 2. Possibility (c) requires that other transt-
tions occur at integer multiples of the cyclotron resonance
energy from peak 2. Evidence for these transitions has not
been observed.

Additional measurements were performed after il-
lumination with a red light-emitting diode of the sample
nominally undoped in the barrier layers. After this pro-
cedure (top trace in Fig. 3), features were observed at the
resonance energies of peaks 1 and 2. However, the line
strengths were much weaker than those for the corre-
sponding peaks found in the spectra of the samples inten-
tionally doped with Si atoms in the barriers. Apparently,
these absorption features were not observed initially be-
cause of compensation. However, after exposure to
light, these absorption features are observed due to trap-
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FIG. 3. Representative transmission spectra obtained before
(bottom trace) and after (top trace) illumination with a red
LED of the sample nominally undoped in the barrier layers.
Bars indicate typical noise levels.

ping of optically created electrons in the quantum wells.
These electrons could arise from ionization of deep levels
in the AI„Gat „As and from persistent photoconductivity
effects. 'o These observations indicate that infrared stud-
ies provide a valuable probe for estimating the concentra-
tion of residual positively charged defects in undoped bar-
rier layers. From a comparison of the integrated intensity
of peak 1 observed after illumination with similar mea-
surements on samples with known dopant concentrations
in the barrier, a lower limit for the residual impurity con-
centration in the barrier layers is estimated to be 10'
cm 3. Previous infrared measurements on MQW's
doped with donors in the center of the wells have observed
features similar to that of peak 1. The current investiga-
tions suggest that these features arise from residual posi-
tively charged defects in the AI„Ga& —„As barriers.

Preliminary measurements have been performed on
samples with larger dopant concentrations in the barriers
(1Vb 8 X 10'6 cm ). These spectra reveal a large cyclo-
tron resonance peak (n —1.5X10" cm ) and a reduc-
tion (8-12 cm ') of the Is-2p+ transition energy (peak
3) as a function of the applied magnetic field at 4.2 K.
This shift is suggested to arise as a consequence of screen-
ing of the Coulomb interaction" and phase-space filling
effects. ' However, the magnitude of the observed shift is
less than that inferred from results of recent theory. "
Similar shifts in line positions have not been observed in
samples with the smaller doping concentrations in the bar-
riers because of the absence of free carriers (i.e., the elec-
trons are weakly bound) at low temperatures. These re-
sults suggest that samples with similar dopant concentra-
tions and profiles but with larger barrier widths should be

investigated. For such samples, the binding energy of the
electrons bound to positively charged ions in the barriers
will be smaller, and therefore it is anticipated that free
carriers will exist for lower doping concentrations in the
barriers. The smaller concentration of free carriers should
allow the low-density limit of screening and phase-space
filling effects to be explored.

In summary, far-infrared magnetoabsorption experi-
ments have been carried out on GaAs/Al„Gat „As
MQW heterostructures that were intentionally doped with
Si donors in the centers of the quantum wells and barrier
layers. The measurements reveal an absorption feature
that is confinement related with an intensity that is pro-
portional to the dopant concentration in the barrier.
These observations and the good agreement between the
observed and calculated transition energies provide strong
evidence for the assignment of this feature to intracenter
transitions of electrons in the GaAs wells that are weakly
bound to positively charged ions in the Al„Ga~ —„As bar-
rier layers. Information regarding the binding of elec-
trons to spatially separated ions is valuable in several
respects. First, these measurements suggest that a new
type of photoconductive detector can be based upon these
ideas. In such detectors, the separation between the ions
in the Al„Ga~ —„As barrier and the weakly bound elec-
trons in the GaAs quantum well, a design parameter,
determines the low energy threshold for detection of radi-
ation. Second, it is well documented that the mobility of
modulation doped heterojunctions is reduced if the spacer
layer between the dopant atoms in the Al„Ga& — As and
the GaAs/Al„Gat-„As interface is reduced. The current
measurements provide insight into scattering mechanisms
that are responsible for this observation.

Note added. Recent angle-dependent measurements
performed on the sample nominally undoped in the barrier
layers indicate that only a small fraction of the integrated
intensities at peaks 1 and 2 (see Fig. 3) are confinment re-
lated. Thus, the estimate for the lower limit of the residu-
al impurity concentration in the A16aAs barrier layers is
too large. These results will be discussed in a future work.
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