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Electric-field efi'ects on confined hydrogenic impurities in semiconductors
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We report the observation of electric-field eAects on the electronic states of shallow impurities
confined in semiconductor quantum wells. A p-"i"-n diode structure was used to produce the control-
lable electric field, and the states of donors doped in the well center were monitored by far-infrared
magnetospectroscopy. A broadened, impurity-related peak is observed, which changes significantly
both in shape and in position with electric field. Observed shifts and changes in the line profile are in

good agreement with a variational calculation that incorporates the impurity distribution within the
well.

Effects of external fields on the electronic states of hy-
drogenic systems have been of interest for many years.
Effective-mass donor impurities in semiconductors can
form nearly ideal hydrogenic systems in which the length
and energy scales are dramatically changed relative to the
hydrogen atom, e.g. , for donors in GaAs the Bohr radius is
l00 A and the binding energy is 5.83 meV. This has per-
mitted the high-magnetic-field limit to be explored in de-
tail at normal laboratory magnetic fields, and the cor-
respondences between the low-field and high-field quan-
tum numbers to be established. ' The effects of confine-
ment of hydrogenic impurities has received considerable
attention recently, and the correspondences between
the appropriate states in the limiting cases have also been
established. The corresponding large electric geld case-
cannot be studied in bulk semiconductors due to field ion-
ization of the shallow impurities. The confining barriers
of a quantum well (QW) in principle, permit large electric
fields to be applied to shallow impurities without such ion-
ization. However, the only reported experiments have
been for excitons in QWs, for which the hole states are
complex; and calculations"' of electric-field effects have
been restricted to the ground state of shallow donors. We
report the first experimental observation of the effects of
large electric fields on the electronic states of shallow im-
purities confined in QWs, and a comparison of the far-
infrared (FIR) measurements with variational calcula-
tions of the electronic states. '

The qualitative effects of an applied electric field on hy-
drogenic impurities in a quantum well can be understood
by considering the changes in the confining potential. For
zero electric field the envelope function for donors in the z
direction has a maximum at the center of the well, leading
to increased binding and transition energies for a well-
center donor compared with those in the bulk. For impur-
ities located away from the well center the binding and
transition energies are decreased relative to those for the
well center, and can be reduced below those for the bulk.
A linear potential due to the applied electric field is super-
imposed on the square-well potential, and the peak of the
envelope function in the z direction is displaced toward

the lower potential-energy barrier. This leads to a separa-
tion of the peak in the probability density of the electron
from any positive ion located near the well center or on
the high-potential-energy side of the well, and a concomi-
tant reduction in the (negative) potential energy. There is
also an enhancement of the confinement leading to an in-

crease in the kinetic energy for all low-lying states. Both
effects conspire to decrease the binding and transition en-
ergies for such impurities. For the case of impurities lo-
cated near the barrier on the low-potential-energy side of
the well, both binding and transition energies increase as
electric-field strength increases, and the position of the
impurity ion that corresponds to the maximum binding
energy is displaced increasingly toward the low-energy
barrier with increasing electric field. Thus, depending on
its location, the binding and transition energies of an im-

purity can be tuned in either direction through the appli-
cation of an electric field.

A p "i" nd-iode -structure grown by molecular-beam ep-
itaxy was used in this study to provide an externally con-
trollable electric field; the "i" region consisted of 20 wide

(500 A) GaAs quantum wells separated by 200-A
A1030a07As barriers. Wide wells were used to emphasize
the electric-field effects. Each of the wells was doped over
the central —,

' with Si donors at a nominal sheet density of
1.7X lO' cm . The top contact was 3000 A of p++-
type (Be) AloiGao qAs, and the bottom contact was 3000
A of n++-type (Si) GaAs. Standard photolithography,
etching, and evaporation techniques were used to create a
large area mesa (2.5 x 2.5 mm ) and to make sample con-
tacts. A semitransparent (50 A) Cr film was evaporated
on the top surface as a Schottky contact. Ohmic contact
to the n +-type GaAs region was made with Au:Ge.
Low-temperature (4.2 K), far-IR magnetotransmission
measurements were performed as a function of bias on the
p-"i"-n diode in magnetic fields up to 9 T with a Fourier-
transform interferometric spectrometer in conjunction
with a Ge:Ga photoconductive detector and light-pipe and
condensing-cone optics. In order to avoid electrical-leak-
age problems, observed under dc conditions, and to main-
tain neutrality of the donors in the wells (and thus a uni-
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form electric field) during the measurements, an audio-
frequency double-modulation scheme with phase-sensitive
detection was employed (inset in Fig. I ). The bias is
square wave modulated at I kHz between —2 V (zero
electric field) and a value corresponding to a desired elec-
tric field. During the central 170 psec of the +2 V half of
the modulation cycle the sample is illuminated with low
intensity red light from an in situ light-emitting diode
(LED) to ensure neutrality of the donors. The majority of
donors remain neutral during the 500 psec of the second
half (electric field nonzero) of the cycle. The lock-in-
derived signal, referenced to the modulation voltage, is
proportional to the difference between the sample
transmission in the absence of an electric field and that in
the presence of a desired electric field determined by the
bias during the second half of the modulation cycle.

Figure 1 shows diA'erential transmission spectra, ob-
tained as described above, normalized to a background
spectrum taken at 9 T. The sharp positive-going peak 2 at
162 cm ' (2-3 cm ' above the corresponding bulk tran-
sition due to confinement) is the Is-2p(m=+ I) (three-
dimensional hydrogen-atom notation ) impurity transi-
tion '' from well-center donors in the absence of an elec-
tric field. The negative-going peaks, cyclotron resonance
(CR) and I, arise from the nonzero electric-field portion
of the modulation cycle. The inoving broadened min-
imum (I) is the inhomogeneous line profile of ground-
state- (m=0) to-first excited-state (m =+ I) transitions
for donors distributed around the central & of the well in

the presence of the electric field. The sensitivity of the ab-
sorption line profile to the impurity distribution increases
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as electric-field strength increases, and the impurity distri-
bution is reflected strongly in the absorption line shape.
At 9 T the average position of (I ) shifts down by —18
cm in a nominal electric field of 1.14X 10 V/cm [bias
of 0.5 V in Fig. 2(a)j. At larger electric fields there is no
well-defined minimum, and a confined cyclotron reso-
nance peak labeled CR appears at 122 cm '. The
electric-field dependence of the frequency positions of line
1 is summarized in Fig. 2(a) at several magnetic fields.
The bars indicate the frequency region over which the
(negative-going) absorption is 95% of the peak. The elec-
tric fields are estimated by assuming that the entire poten-
tial difference is dropped linearly across the "i" region
(—17500 A) of the p "i" n-str-ucture; with this assump-
tion the electric field corresponding to a bias of 4 V is
2.3 x 10 V/cm. This is an upper limit to the magnitude of
the electric field, since there is a small potential drop at
the top Schottky contact, as well as additional small po-
tential drops in the cladding regions on either side of the
multiple QW structure due to possible fixed charge from
ionization of unintentional dopant in these regions.

In order to provide a basis for interpretation of the ex-
perimental data, a variational calculation was carried out
for the low-lying energy states of an eAective-mass elec-
tron in the presence of a Coulomb potential in a single
quantum well in the presence of an electric field at zero
magnetic field. The Hamiltonian for this problem is

2 20= p, —
2m e[p'+(z —z;)'l '"
+ I'~e(z' I-'/4)+ le—lFz,

where L is the quantum-well width, e is the dielectric con-
stant, z; is the impurity position, F is the magnitude of the
electric field, Vb is taken to be infinite to simplify the cal-
culations, and e(x) is the step function. The trial func-
tions were taken to be of the hydrogenic form,
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FIG. 1. DiAerential transmission spectra at 9 T, 4.2 K, and a
number of bias voltages (during the LED-off' part of the modu-
lation cycle). The various spectral features, 1, 2, and CR, are
discussed in the text. The modulation scheme is shown in the in-
set.

where X, is a variational parameter, m is the azimuthal
quantum number, N(A. ,L) is a normalization constant,
and f(z) is the envelope function of the first subband. In
this approximation coupling between the states associated
with difl'erent subbands is ignored. The function f(z) is
taken to be a linear combination of two Airy functions
with subband energy F..(L) and electric-field strength F.
The ground (m =0) and first excited-state (m = + 1) en-
ergies of the impurity at arbitrary positions in the quan-
tum well were calculated from the minimization of the en-
ergy with respect to the variational parameter X. Repre-
sentative results for well-center donors are displayed in
Fig. 2(b). In all cases the transition energies decrease as
electric-field strength increases, with the most dramatic
dependence for the wide wells. Although the magnetic
field is not included directly in the calculation, it may be
taken into account in an ad hoc fashion by adding the cy-
clotron energy to the calculated 1s-2p energy to provide a
direct comparison with experiment. The energy separa-
tion between the two p-derived m=+1 and m = —1
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FIG. 2. (a) Electric-field dependence of the frequency positions of line 1 at three magnetic fields. Solid lines: calculated results
from (b) for the 500-A well with the measured cyclotron frequencies for each field added; solid circles: negative-going absorption
minimum; bars: frequency range for which absorption is 95% of the minimum. (b) Variational calculation of the ground-
state-to-first excited-state transition frequencies for a dwell-center donor vs electric field for several ~ell widths.

states is equal to the cyclotron energy, and the 2p-
(m = —1) like state is only weakly dependent on magnetic
field; thus this procedure is expected to be reasonably ac-
curate in this field region. The agreement in Fig. 2(a) be-
tween the experimental line positions (bars) and the cal-
culated positions for a well-center impurity (solid lines) is
reasonable. However, it should be emphasized that for
electric fields F) 1.14x10 V/cm, much of the shift of
the line profile results from changes in the line shape due
to "sampling' diAerent parts of the impurity distribution,
rather than a shift of the peak position for an impurity at
some particular location in the well; this is discussed be-
low. A clear manifestation of the decrease in binding en-
ergy with increasing electric field for a substantial fraction
of the impurities can also be inferred in Fig. 1 from the
appearance of a confined cyclotron resonance at about 0-
V bias, and its increase of intensity for larger values of re-
verse bias. This is ascribed to increased thermal ioniza-
tion at 4.2 K of donors in that part of the spatial distribu-
tion located in the higher-potential-energy region of the
well; there is a large decrease in the binding energy for
these impurity sites. Both cyclotron resonance and the
impurity lines were verified to be confinement related by
tilted-field experiments.

The impurity line (1) in the presence of a substantial
electric field is clearly much broader than the correspond-
ing line (2) at zero electric field. This is a result of the
distribution of impurities over approximately 3 of the
wells (—170 A), which leads to large inhomogeneous
broadening in the presence of a finite electric field (see
Fig. 3). Donors that are close to the low-potential-energy
edge of the well have much larger binding (transition) en-
ergies than donors located close to the high-potential-
energy edge; in addition, the square of the transition-
matrix element increases substantially as the impurity is
displaced from the well center toward the higher potential
energies. Thus the detailed shape depends strongly on the
form of the distribution in the presence of an electric field.
ln the square-well situation (F=0 in Fig. 3) the distribu-
tion away from the well center leads only to a low-fre-

1(ro) =co„dz P(z;) l(IlxlI) I'
ro —Fg;/fi + I

where P(z; ) is the impurity distribution function, and I

was taken to be 2 cm ' to fit the F=O line. A typical re-
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FIG. 3. Simulation of absorption line profile at T=O and
B=O for several electric fields. Fo=2.86x 10 cm. The as-
sumed and nominal impurity distributions are sho~n in the inset
by solid and dashed lines, respectively.

quency tail in the absorption line profile due to the large
peak in the density of states for transition frequencies cor-
responding to impurities close to the well center.

fn general, the impurity distribution, the positional
dependence of the transition energies, and the dependence
of the transition-matrix element, (flxli), on impurity po-
sition all contribute to the shape of the absorption line
profile; the relative contributions depend on the magni-
tude of the electric field. The following line-shape func-
tion for absorption of light polarized in the x direction
was used to calculate the impurity absorption profile for
comparison with experiment,
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suit for several values of electric field is displayed in Fig.
3. In this calculation all impurities were assumed to be
neutral, i.e., finite temperature effects were not included.
For this assumed off-center, rectangular profile the calcu-
lation gives rise to a shifting, broadened peak, with a shift
and shape evolution in qualitative agreement with experi-
ment. Several model impurity distributions have been
simulated. The nominal centered (square) distribution
does not yield absorption peaks that shift toward low fre-
quency at small electric fields, as observed in the experi-
mental data (see Fig. 1), but rather a very broad line with
a peak that moves initially to higher frequencies due to
the contribution of impurities located in the low-poten-
tial-energy region of the well. By displacing the impurity
distribution slightly toward the higher-potential-energy
region of the electric-field-modified well, the experimen-
tally observed shifting, broadened line profile with a low-
frequency transmission minimum absorption peak in high
electric fields is qualitatively reproduced. This low-
frequency peak results from the strong increase in oscilla-

tor strength for impurities displaced toward the high-
potential-energy edge of the well coupled with the as-
sumed sharp cutoff in the distribution. The line profile in
the presence of an electric field is much more sensitive to
the shape of the impurity distribution than that from a
square well (see the F=0 and F)0 profiles in Fig. 3).

In conclusion, we have observed strong electric-field
effects on confined shallow donors in QW structures.
These results show that there is promise for tailoring a
sharp absorption peak with a desired, tunable (by electric
field) frequency response in such structures by spike dop-
ing in a precise region of the quantum well.
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