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Binding of Shallow Donor Impurities in Quantum-Well Structures
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Far-infrared magnetospectroscopy has been carried out on shallow donor impurities doped in the
central region of GaAs quantum wells in GaAs-Al„Gal „As multiple-quantum-well structures.
Quantum-well widths between 80 and 450 A were investigated. Results are in very good agreement
with recent effective-mass calculations for isolated impurities at the center of GaAs quantum wells.

PACS numbers: 73.20.—r, 78.50.6e

The nature of isolated hydrogenic impurities in con-
fined geometries has received theoretical attention for
nearly twenty years. ' One system especially suitable
for controlled, systematic experimental investigations
is that of shallow impurities in GaAs-Al„Gat „As
quantum wells (QW's) grown by molecular beam epi-
taxy (MBE). For shallow donors such as Si in GaAs-
AlGaAs structures it is thought that the one-band ef-
fective mass approximation is applicable, even though
the matching conditions for the wave functions at the
well boundaries are not yet well established. Varia-
tional calculations by several authors 4 are in general
agreement in their prediction of substantial shifts in
the impurity energies relative to the bulk values as the
width of the QW's approaches the effective Bohr di-
ameter ( —200 A) of the impurities. The direction
and magnitude of the shifts depend on the position of
the impurity center along the growth axis of the QW,
as well as the width and depth of the well.

Experimental investigations of this system have thus
far been confined to photoluminescence5 s and, more
recently, Raman scattering7 measurements. %'e report
detailed far-infrared spectroscopy of intraimpurity
transitions on a series of center-doped QW's over a
wide range of magnetic fields. s These measurements
are more sensitive, more extensive, and less ambigu-
ous than previous studies, and allow us to identify pos-
itively the absorption features associated with donor
impurities doped in the QW center, and to make de-
tailed comparison with recent theoretical calculations.
Results are in very good agreement with theory, and
are thus consistent with the use of the effective-mass
approximation and simple wave-function matching
conditions in this case.

The samples investigated consisted of a set of
GaAs-AlGaAs multiple QW's grown on semi-

insulating GaAs substrates bg MBE. Quantum-well
widths varied from 80 to 450 A.9 The mole fraction of
the aluminium in the barriers (0.31 +0.03 for the
three narrowest wells and 0.25 +0.03 for the wide
well) and the well widths were determined from photo-
luminescence6 measurements. In each case the central
third of the QW's was doped with Si at a nominal den-
sity of 1 x 10ts cm 3, except for the 450-A well which
was doped at 5&&10' cm 3. The width of the doped
region was estimated from the product of the growth
rate and the time the shutter on the Si effusion cell
was open. The AlGaAs barriers were all at least 125 A
thick to minimize interaction between adjacent wells.

Spectroscopic measurements were made with a far-
infrared Fourier-transform spectrometer in conjunc-
tion with He-cooled photoconductive detectors and a
superconducting-magnet system. Samples were main-
tained at approximately 4.2 K in He exchange gas in
the Faraday geometry with the QW growth axis parallel
to the applied magnetic field (except for one set of
runs in which the sample was tilted at 45'). In this
configuration, considering the temperature of the sam-
ple and the dipole selection rules, the predominant
transitions are ls 2p+ and 1s 2p in the usual
spectroscopic notation, where + and —refer to the
azimuthal quantum numbers +1 and —1, respective-
ly. Cooled filters limited the radiation reaching the
sample to frequencies less than about 400 cm '. For
comparison purposes measurements were also made
on a "bulk" MBE-grown GaAs sample 6 p, m thick
doped with Si at 1.3 & 10ts cm

Figure 1 shows three transmission measurements
made on a sample consisting of twenty 210-A wells
doped with Si at 1 x 10ts cm 3 over the central 75 A of
each well. The top spectrum was taken immediately
after the sample was cooled to He temperature. No
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FIG. 1. Transmission spectra at 9 T obtained from the
210-A-well sample with the center 75 A doped. The three
traces from top to bottom correspond to measurements
made before, during, and after illumination of the sample by
a red-light-emitting diode. The low-energy peak with the
LED on occurs at the energy of the bulk 1s-2p+ transition.

significant features are present. The middle spectrum
was taken with a red light-emitting diode (LED) il-
luminating the sample. The transmission minimum at
160 cm ' is due to impurities in the bulk substrate
neutralized by the pump light. This was verified by
measurements made on untreated substrate material
which also verified that the transmission minimum oc-
curred at the same photon energy as the bulk impurity
line in the MBE-grown bulk Si-doped sample. The
minimum at 172 cm is due to absorption by the im-
purities confined in the QW's. This identification is
confirmed by measurements made with the growth
axis of the sample inclined at 45' to the magnetic field
axis. In this configuration the transmission minimum
identified as arising from the sample substrate remains
at the same frequency as that observed with the sam-
ple in the nortnal configuration. On the other hand,
the minimum attributed to the confined impurities
shifts to lower energy, occurring, within the experi-
mental uncertainty, at an energy determined by the
component of magnetic field along the growth direc-
tion. These measurements, repeated at several values
of total magnetic field, demonstrate the two-dimen-
sional nature of the impurity states. The bottom spec-
trum was obtained after turning the LED off; under
this condition only the confined impurity line remains
clearly discernible. This persistent effect is attributed
to a mechanism similar to that responsible for the per-
sistent photoeffects observed in modulation-doped
heterostructures. 'o Upon cooling of the sample under
"dark" conditions the donor impurities in the we11
center are ionized, likely as a result of charge transfer
to acceptor states or deep electron traps in the Al-
GaAs; thus no impurity absorption is possible. Illu-
minating the sample with light of photon energy
greater than the A1GaAs band gap releases electrons
from traps in the A1GaAs as well as creating electron-
hole pairs in both the GaAs and the A1GaAs. A large
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FIG. 2. Energy of 1s-2p+ and 1s-2p transitions for the
210-A-well sample. Experimental data are indicated by solid
circles. The solid line is the result of a calculation (Ref. 12)
interpolated for the 210-A well width. The broken line indi-
cates the energy of the corresponding transition observed in
the bulk doped'sample.

fraction of these photoexcited electrons and holes are
trapped in the QW's, neutralizing ionized impurities in
the wells in steady state, and permitting the shallow
donor transitions to be observed. Transitions are ob-
served from both the Si impurities in the QW's and
the residual donor impurities in the bulk GaAs sub-
strate under steady-state conditions. After turn-off of
the illumination, since the time required for the excess
electrons to recombine with traps in the AlGaAs is ex-
tremely long at low temperatures, the impurity absorp-
tion from the neutral donors in the QW's persists.

The fact that with the LED on both bulk and con-
fined impurity absorption lines (transmission minima)
are present is a valuable tool for making accurate mea-
surements in the wider wells. Since the transmission
minima for impurities in wider wells are shifted a small
amount from the corresponding bulk positions, the
ability to produce a reference bulk absorption line
simultaneously is a great advantage in resolving small
shifts, as well as in demonstrating unambiguously the
presence of the confined impurity. A series of mea-
suretnents as a function of illumination intensity
demonstrated that the energy of the confined impurity
line was largely independent of illumination intensity.
Small shifts, as apparent in Fig. 1, are at the limit of
the resolution of the present measurements. "

The results of measurements made on a sample hav-
ing QW widths of 210 A along with measurements on
a bulk GaAs sample are shown in Fig. 2. Also shown
are the results of a very recent calculation' interpolat-
ed for the 210-A well width. As predicted, both the
1s-2p+ and the 1s-2p transition energies are in-
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creased relative to the bulk values, and theory and ex-
periment are in remarkably good agreement. It is also
evident from this figure that the shift due to confine-
ment decreases slightly as the magnetic field increases.
This is readily understood by considering the effect of
the magnetic field on the impurity state. As the mag-
netic field increases the wave functions become more
localized about the impurity center, and the quantum-
well confinement becomes less important.

Figure 3 compares the observed Is-2p+ transition
energies for four different well widths with the calcula-
tions of Ref. 12. There is good agreement between
theory and experiment in all but the narrowest wells,
for which the measured values are consistently less
than those predicted. The solid lines are calculated for
an Al mole fraction of 0.3 and a conduction-
band —edge discontinuity that is 85% of the total band-
gap difference; this results in a conduction-band —edge
discontinuity (barrier height) of 0.323 eV. Recent
results, however, indicate that the conduction-
band —edge discontinuity may be closer to 570/o of the
total band-gap difference. '3 For the present samples
this translates to a conduction-band —edge energy
discontinuity of 0.217 eV. The dotted line in Fig. 3 is
the theoretical result for a conduction-band —edge
discontinuity of 0.154 eV. There is little effect on the
results for QW widths greater than about 200 A, but
for narrower wells the smaller barrier height gives
transition energies in better agreement with experi-
ment, but still higher.
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FIG. 3. Energy of the ls-2p+ transition vs well width at
various magnetic fields. Solid circles connected by the bro-
ken line are experimental values. The solid and dotted lines
are the results of calculations (Ref. 12) for potential barriers
of 0.323 and 0.154 eV, respectively.

In regard to possible sources of systematic differ-
ences between experiment and theory, it should be
noted that the theoretical calculations are performed
for an impurity located at the exact center of the well,
while the samples have the dopant impurities distribut-
ed over at least the central one-third of the well, and
perhaps more if there is substantial diffusion or redis-
tribution during growth. Since off-center impurities
have reduced binding energies relative to impurities at
the center, a distribution of impurity positions about
the center should, at the very least, produce an asym-
metric line broadened to lower energies and perhaps a
distinct low-energy line if there is a substantial impuri-
ty density at the edges of the QW's. For wells that are
relatively wide compared to the impurity effective
Bohr diameter the broadening effect should be small;
however, for narrow wells it could lower the peak en-
ergy of the absorption profile relative to that of impur-
ities at the exact center of the well. Experimentally,
there is evidence of broadening or weak additional ab-
sorption towards lower energy, as in the bottom trace
of Fig. 1, where the low-energy "tail" extends to
about 150 cm '. Calculations predict that the Is-2p+
transition for edgelike donors should occur at about
145 cm ' for this sample at 9 T. Measurements made
on an intentionally edge-doped sample show an ab-
sorption at the energy predicted for an edgelike state,
broadened to higher energy, and no significant absorp-
tion at the energy corresponding to a centered impurity
state. Taken together, these results set an upper
bound on any significant redistribution of the dopant
at 50—100 A. Far-infrared laser measurements and
higher-resolution Fourier-transform spectroscopy per-
formed on the wider center-doped samples do show
some structure in the low-energy tail of the absorp-
tion, but no features that can be clearly identified with
an edgelike state. Finally, it should also be noted that
the uncertainty in determination of the well widths
may be an important source of systematic differences
in quantitative comparisons with theory, since the en-
ergy shift due to confinement varies rapidly with width
for narrow wells.

With the above caveats, the overall agreement of
the present measurements with theory is very good for
impurities located at the center of QW's; this supports
the use of the one-band effective-mass approximation
for impurities in these systems. These results, due to
the relative insensitivity of impurities in the well
center to the detailed nature of the boundaries, do not
provide a stringent test of the validity of the wave-
function matching conditions at the heterojunction
boundaries. Experiments on impurities doped at the
edges of the wells should be considerably more sensi-
tive to the matching conditions.

The present measurements also indicate that for all
samples the selective doping appears to be effective;
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no appreciable absorption features that could be as-
signed to edgeiike impurities are observed in the sam-
ples that are selectively doped at the center. However,
there are additional weaker absorption features ob-
served at energies lower than the transition energy of
the centered impurities in different samples under
varying conditions of magnetic field and pump light.
These features are presently not well understood and
are undergoing further investigation. '4
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