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We demonstrate the production of a thick layer of high-mobility electron gas by comparison of
Shubnikov—de Haas oscillations with self-consistent calculations of the ground-state energy levels.
Ton-gauge measurements of the average Al flux during a programmed growth sequence show that
the Al profile for the parabolic-well structures studied here follows the design profile closely. The

calculated and measured energy levels (Ep—
ters.

I. INTRODUCTION

Extensive studies of the two-dimensional electron gas
have been carried out over the past 15 years, and have
produced a good understanding of many of the properties
of very-thin (10-100 A) layers of high-mobility elec-
trons.? Recently, remotely doped parabolic wells have
been used to produce layers of high-mobility electron gas
with much greater thickness (> 1000 A) in the transition-
al range between two and three dimensions. The proper-
ties of this new type of electronic system remain relative-
ly unexplored.’~

Figures 1(a)-1(c) illustrate the process by which re-
motely doped parabolic wells can be used to produce a
thick, uniform layer of electron gas. The empty parabol-
ic well in Fig. 1(a) is created by varying the Al mole frac-
tion x during growth to create a parabolic variation of
the conduction-band edge E,(z) in the Al ,Ga,_,As al-
loy. This parabolic potential is the same as the electro-
static potential of a spatially uniform slab of positive
charge with density n , =eK /4me?, where € is the dielec-
tric constant and K =d’E, /dz? is the curvature of the
well. Electrons can be introduced into the well from re-
motely located donors, set back from both sides of the
well, as shown in Fig. 1. In the Thomas-Fermi approxi-
mation these electrons act to screen the parabolic poten-
tial, and thus tend to form a spatially uniform slab with
fixed three-dimensional density n;p=n, and variable
width w,, as illustrated in Figs. 1(b) and 1(c). Because
these electrons are spatially separated from the donor
ions, their mobility can be quite large. The spatial unifor-
mity of the electron gas in actual structures is an impor-
tant issue, because the electron density n;p(z) is deter-
mined to a large extent by the local curvature of the well.
Small deviations from parabolicity can produce sizable
changes in the local electron density.

In this paper we present data for high-mobility samples
which characterize parabolic well structures grown as
fine superlattices by shuttering the Al source.>® We have
achieved a large low-temperature mobility p=2.3X10°
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E,) agree within the uncertainty of the well parame-

cm?/Vs for a layer of electron gas of width w, =2000 A
in a 4640-A-wide parabolic well. We present ev1dence for
good uniformity of the electron gas in this structure: (1)
the computer-controlled shuttering sequence of the cali-
brated Al source produces an average Al flux profile that
follows the design parabola to within ~6%, and (2) the
subband energies from low-temperature Shubnikov-de
Haas oscillation measurements agree within ~10% with
theory for a parabolic well with the same sheet density.
The effective three-dimensional density n, =7X10'
cm~? for this structure is below the density at which
doped n-type GaAs becomes an insulator at low tempera-
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(c) electron-density profile
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FIG. 1. Schematic illustration of the conduction-band edge
in (a) an empty well, and (b) a partially full well. The electron-
density profile in a partially filled well is shown in (c).
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tures (the critical density® for the metal-insulator transi-
tion in n-type GaAs with shallow donors is n, =1.5X 10'¢
cm™3). We attribute this absence of freeze-out to the low
donor density in the parabolic well channel, and note that
the mobility exceeds the maximum mobility in uniformly
doped n-type GaAs with the same carrier density by an
order of magnitude.

II. THEORY

The energy of an electron in a parabolic well can be ex-
pressed as the sum of the kinetic energy for motion in the
plane of the well, and a discrete energy level E, in an
effective potential along the growth direction. The ener-
gy levels E; for an empty parabolic well are those of
a simple harmonic oscillator (SHO), E,=(i—1)%Q
for i=1,2,3,..., with frequency Q=(K/m*)"2
Photoluminescence-excitation-spectroscopy measure-
ments’ on empty GaAs/Al Ga,_ As parabolic wells,
grown as fine superlattices, agree with this SHO spec-
trum, and have been used as a measure of the
conduction-band offset AE, /AE,. It is of interest to note
that the SHO frequency is simply equal to the plasma fre-
quency corresponding to the design density
n, :Qz=w[2, =4mn_e’/em*. For the wafer studied here,
the SHO energy is #i{l =3.3 meV.

For a partially filled well, the total potential for a sin-
gle electron is roughly the sum of the parabolic variation
of the conduction-band edge and the electrostatic poten-
tial due to the other electrons, neglecting exchange and
correlation terms. Thus the total self-consistent potential
for a partially filled well has a flat bottom and steep walls.
For this case, the energy levels E; approach a square-well
spectrum E; =(i%/2m*)(7#/w, )?, with the effective well
width w,~w,. This energy-level structure has been
confirmed in self-consistent solutions® to Schrodinger’s
and Poisson’s equations including electron exchange and
correlation terms.

Figure 2 shows the calculated electron-density profile
for the parabolic well structure studied in this paper at
T=0, for a sheet density ns=fn(z)dz=1.40><10”
cm'z, chosen to match the measured low-temperature
sheet density. The calculated energy levels E; meV
=0.095i* meV closely follow the expected square-well
spacings for w,=w,+393 A, where
w,=ng/n =2034A. As described in Ref. 8, many-body
corrections’ included in the calculation have a relatively
small effect on the calculated energy levels, <5% for
these parameters, but tend to enhance regions of high
electron density somewhat.

The total electron-density profile n (z) is shown in Fig.
2 along with the contributions n/|$;(z)|? from each sub-
band, where n/=(m*/#7)(E—E,) is the occupation,
and ¢;(z) is the wave function. The total self-consistent
potential is shown in Fig. 2 as the solid line. For the ex-
perimental sheet density n,=1.40X 10" ¢cm ™2, the elec-
trons are predicted to occupy four subbands, adding so
that the total density profile n (z) in Fig. 2 is nearly con-
stant over the width of the electron layer; the rms devia-
tion of the calculated distribution from the design density

10 701
5 — 8
total 19
F total density
4+ .
L potential -6
| 1 «
~ F 15 'E
2 3 C i > -’
e =
5| I B
§ 2 r 2 43 E‘
[ 3 S
B | hel
1E s 1
Y 7!
0 [ . . R 0
-2320 -116 0 2320

FIG. 2. Electron-density profile showing the total density
with the contributions from each occupied subband, labeled
1-4, and the total self-consistent potential (solid line) as a func-
tion of position z in the well for a sheet density n, =1.4X 10"
cm”2,

n, is ~12%. The calculated Fermi energy relative to
the bottom of the lowest subband is Ex—FE | =1.87 meV,
close to the value ERP=[#(37’n,)*?]/2m*=1.96
meV for a three-dimensional electron gas of density n . .

The primary uncertainties in the parameters used for
these calculations are in the value of the conduction-band
offset, taken to be AE, /AEg =0.7, for which
AE./x =873 meV, and the electron effective mass, taken
to be a constant, m*=0.067m,. Reported values of the
conduction-band offset vary by ~25%, with more recent
measurements'® approaching AE,/AE,=0.7. We have
also neglected nonlinearity in the shift in conduction-
band edge with Al mole fraction x. The effective mass in
the well actually varies with Al mole fraction as
m*/m,=0.665+0.0835x, which corresponds to a
~10% change across the occupied region of the well, as-
suming symmetric filling. In addition, the subbands of
the well have slightly different effective masses, because
they average this mass variation differently.

Growth conditions are also important in the compar-
ison of theory with experiment, even for perfectly para-
bolic wells. If the remotely located donor layers on oppo-
site sides of the well deplete unequally, they add a linear
term to the well potential, and shift the slab of electron
gas away from center toward the more heavily depleted
donor layer. To first order, such a shift has no effect on
the electron profile n(z), because the curvature of the
well is unchanged. However, the average effective mass
of the electron layer increases with shift Az as (Az /w)?.
Several factors in the molecular-beam-epitaxy- (MBE-)
growth process can shift the electron layer off center, in-
cluding asymmetries in donor diffusion, incorporation of
deep compensating impurities, and self-compensation in
the donor layers on opposite sides of the well. Unequal
donor depletion from the surface and substrate interfaces
can also lead to a shift (these differences are compensated
for during growth, but are not accurately known). Due
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to these factors, which are not taken into account in cal-
culations, and due to the uncertainty in the conduction-
band offset, agreement between experiment and theory at
better than the 10% level is probably fortuitous.

III. SAMPLE CHARACTERISTICS

Parabolic well samples were produced’ by varying the
average Al mole fraction x in a fine superlattice of period
20 A from x =0 at the center of the well to x =0.3 at the
edges over a total width w =4640 A, as illustrated in Fig.
1(a). This change in Al mole fraction corresponds to a
well depth AE_ =262 meV and design density
n,=6.9x10" cm™3, using AE, /AE,=0.7 for the
conduction-band offset.!” Electrons are mtroduced into
the well from Si-donor layers symmetrically located on
both sides of the well, and set back by 400- A-thick un-
doped Al; ;Gay5As buffer layers. For x=0.3 the Si-
donor level is ~90 meV below the conduction-band
edge.!!

Graded-gap MBE-grown structures such as parabolic
wells have been made using two methods for controlling
the Al fraction: the digital alloy technique based on
shuttering the stabilized Al source,>* and an analog tech-
nique based on changing the temperature of the Al
source.>'? For the digital alloy technique, the composi-
tion alternates between GaAs and Al, Gal_ As in a fine

20-A- -period superlattice with x, ﬁxed (here, x¢=0.3).
The average Al mole fraction is smoothly varied b
changing the time the Al shutter is open during the 20-A
period using computer control. The advantages of this
technique are that the source temperatures are accurately
stabilized and calibrated, and that the shutter timing can
be controlled precisely. The primary disadvantage is that
for small Al fractions near the center of the well the Al
shutter is open a very short time, which is subject to er-
ror. To correct for the shutter response time in the
present work, the actual shuttered Al flux is calibrated
using an ion gauge at the same location as the substrate,
and this calibration is used to correct the shutter opening
times in order to produce a more nearly correct profile.

One might expect the presence of the superlattice in
shuttered wells to have a large effect on electron motion
inside the well. However, this is not the case, because the
Alj ;Ga, ;As superlattice barriers are sufficiently thin and
low that the superlattice is nearly transparent to elec-
trons, and does not significantly change the electron
effective mass from its value in a continuously graded
structure. A density-functional calculation of the energy
levels including the superlattice potential accurately
yields the same results as for continuous grading.!>!*
Optical’ and resonant-tunneling!® experiments on un-
doped parabolic wells have demonstrated the success of
the digital alloy technique for accurate profile control.
Note that for parabolic wells in magnetic fields the mag-
netic length (#c /eB)'’? approaches the 20-A superlattice
period only for extremely large longitudinal magnetic
fields B~ 160 T; at attainable fields the influence of the
superlattice on magnetic phenomena is expected to be rel-
atively small.

We chose to grow the parabolic wells by the digital al-
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loy technique rather than by varying the temperature of
the Al furnace, because of difficulty in achieving good
control of the band edges with the latter method, even
with computer control of the furnace temperature.'?
Band-gap-profile control via the Al furnace temperature
is difficult because the time constants associated with
changing the oven temperature are long, and the Al flux
depends exponentially on the oven temperature. Near
the bottom of a parabolic well with x =0, the tempera-
ture of the Al source must be changed rapidly, and is sub-
ject to error. In addition, significant thermal gradients
are present in the source so that the temperature at the
emitting surface is not the same as at the temperature
Sensor.

In order to test the accuracy of the shuttering program
used to grow parabolic wells by the digital alloy tech-
nique, an ion gauge was placed at the location of the sub-
strate in the MBE apparatus, and the Al flux was record-
ed during the computer-controlled shuttering program
used to make parabolic wells. Figure 3(a) plots the mea-
sured average Al mole fraction x versus distance z for a
4640-A-wide parabolic well. The dashed line shows the
target parabolic profile and the solid line is the actual
measured profile. Figure 3(b) shows the difference in
mole fraction x between the measured and design profiles;
the horizontal line corresponds to perfect agreement. As
shown, the designed and measured profiles agree within
Ax=(+0.02, —0.01) across the entire well. The pri-
mary deviation shown in Fig. 3(a) takes the form of an in-
crease in curvature of the parabola by approximately
12% above the design value over the central 2000 A of
the well. The error in the curvature of the well is largest
in the center, where the time the Al shutter is open is
very small. As described above, errors in curvature cor-
respond to errors in density for electrons in the well. To
estimate the magnitude of the curvature error, we numer-
ically took the second derivative of Fig. 3(a). The largest
deviations were two local maxima corresponding to a flat-
tened region over the central ~500 A of the well. The
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FIG. 3. (a) Design parabola and actual Al flux measured with

an ion gauge at the substrate Eosition expressed as Al mole frac-
tion x vs depth z of the 4640-A well for the computer-controlled
shuttering program used to make the wafer studied in this pa-
per. (b) The difference in Al mole fraction x between the mea-
sured and design profiles.
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energy levels of empty wells seem fairly insensitive to
comparable deviations from uniform curvature;
photoluminescence-excitation spectra”!'® of undoped
wells grown by a similar shuttering program show the
evenly spaced heavy- and light-hole transitions expected
for a parabolic well. The effects of deviations in curva-
ture on the density profile in partially filled wells will be
discussed with the experimental results.

IV. MAGNETORESISTANCE
AND HALL-EFFECT MEASUREMENTS

The data presented below were taken for two identical-
ly prepared samples from wafer MSPB24. Both were
lithographically defined Hall bars with dimensions of
2.0X0.2 mm?, with three potential probes on each side.
Electrical contact to the electron layer was achieved by
alloying In for =4 min at 400°C. The samples were
cooled in the dark in a He dilution refrigerator to T'=50
mK, and transverse magnetoresistance (applied magnetic
field perpendicular to the electron layer) and Hall-effect
measurements were made using standard low-noise lock-
in techniques, and the data were stored in a microcom-
puter. The power dissipated in the sample was kept very
low (<0.05 pW) in order to avoid heating. The mea-
sured low-temperature, low-field (B <0.1 T) sheet densi-
ty from Hall measurements is ny =1.41X 10" cm ™2 Be-
cause different subbands can contribute disproportionate-
ly to ny, the low-field Hall density is not necessarily a
good measure of the true sheet density.!” A more accu-
rate measurement can be found from the periods of the
low-field Shubnikov—-de Haas oscillations in the trans-
verse magnetoresistance data, as discussed below. As
mentioned above, the measured low-field Hall mobility
p=2.3X10° cm?/V's is quite high relative to uniformly
doped GaAs with the same carrier concentration, evi-
dence of the good quality of the samples.

Figure 4 is a plot of the low-field Hall resistance and
Shubnikov-de Haas oscillations in the transverse magne-
toresistance at T=50 mK. Oscillations are visible at
B=0.05 T, and a complicated structure due to the in-
terference of oscillations with different periods can be
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FIG. 4. Measured low-field magnetoresistance and Hall resis-
tance at 7=>50 mK. Note the presence of Shubnikov—de Haas
oscillations with multiple periods.
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seen in the data. For a constant sheet density n,, each
subband produces an oscillation in resistance that is
periodic in 1/B, with frequency

v, =#S; /2me , (1)

where S, =7nk} = 2mrm*(Ep—E;)/# is the area of the
corresponding electron orbits in k space, assuming isotro-
pic, parabolic energy bands. At these low magnetic
fields, spin splitting can be neglected. To measure the
frequencies v; from different subbands, we took magne-
toresistance data in the range B=0-0.2 T, filtered it
with a digital low-pass filter, interpolated the data to be
equally spaced in 1/B, and then computed the fast
Fourier transform (FFT) after applying a Hamming win-
dow. This procedure was repeated for three 7=50 mK
data sets taken for the same sample. The average of these
spectra is shown in Fig. 5, which plots the logarithm of
the power spectrum for the magnetoresistance versus os-
cillation frequency in 1/B. The strong peaks in Fig. 5 fall
at three frequencies v;=1.19 T, v,=1.05 T, and
v3=0.60 T. A fourth peak may occur near zero frequen-
cy, but is difficult to resolve from low-frequency noise.
The sheet densities corresponding to each subband are
given by n/=S, /27 =ev,/m#, and are independent of
the effective mass. Summing the contributions from the
three observed subbands gives a total sheet density
nlt=1.38x 10" cm~2 If a fourth subband were occu-
pied, as predicted by theory, n!** would increase by ap-
proximately 4%. Low-temperature capacitance-voltage
profiles of different samples taken from the same wafer
show three steps in the differential capacitance as the well
is depleted, evidence for the occupation of a fourth sub-
band.!® The sheet density n, can also be determined from
the magnetic field positions of integer quantum-Hall-
effect resistance minima for low filling factors; this yields
n,=1.43X10'"" cm ™2, in excellent agreement with both
the Shubnikov—de Haas oscillation and low-field Hall
measurements above. For theoretical calculations of the
wave functions and energy levels given above in Fig. 2,
we used the value n,=1.40X 10'' cm ™2

Table I presents a comparison of the experimentally
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FIG. 5. Power spectrum for the low-field (0-0.2 T) magne-
toresistance vs frequency in 1/B; note the semilogarithmic
scales. Three frequencies indicated by arrows can be clearly
seen.
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TABLE 1. Comparison of the difference (in meV) between
the Fermi energy Ep and the energy at the bottom of the ith
subband, E;, for experiment and theory for wafer MSPB24 with
an electron sheet density n,=1.4X 10" cm 2.

Energy Experiment Theory A (%)
Er—E, 2.04 1.87 8
Er—E, 1.81 1.58 13
Er—E, 1.04 1.11 -7
E.—E, 0.44

determined subband energies with theory. The only ex-
perimental input to the calculations is the measured sheet
density n!*'; the other parameters are fixed at accepted
values as described in Sec. II. As shown, the overall level
of agreement between experiment and theory is at the
10% level for all three observed frequencies, good evi-
dence that the wells are parabolic and their filling with
electrons occurs according to the picture outlined in Sec.
II. The absence of the fourth predicted subband from the
Shubnikov—de Haas data is not surprising, because the
number of electrons in this subband is predicted to be rel-
atively small (~4% of the total), and the frequency is
difficult to distinguish from low-frequency noise. The ex-
perimental structure at low frequencies from 0 to 0.1 T in
Fig. 5 corresponds to an energy difference Ep—E,
=0-0.15 meV.

The two parameters in the theory which are the least
well known are the conduction-band offset and the elec-
tron effective mass. The level of agreement shown in
Table I is obtained by using an accepted value of the
conduction-band offset AE /AE,=0.7 and the GaAs
effective mass m*=0.067m,. As discussed above, the
actual average effective mass is somewhat heavier, due to
the thickness of the electron layer and a possible shift
away from the center of the well. In fact, the level of
agreement between theory and experiment in Table I is
relatively insensitive to the assumed value of the effective
mass. Because the experimental Shubnikov-de Haas os-
cillation periods directly measure areas in k space [Eq.
(1)] independent of m*, the energy differences shown in
Table I vary with the assumed value m* as
E;—E;<1/m*. For theory, the same proportionality,
Ep—E;x1/m?*, is also approximately true, because the
subband energies E; approximate those of a square well,
E;=(i*/2m*)(w#/w,)?, and the density of states within
each subband is «m*. Thus comparison of
Shubnikov—de Haas oscillation data with theory is not a
sensitive way to determine the effective mass.

To estimate the effects of deviations from parabolicity,
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which can lead to nonuniformity in the density of the
electron gas, we carried out self-consistent calculations
for a truncated parabolic well with the same parameters
as above, except for a 435-A-wide flat spot on the bottom
of the well. This well shape was chosen to model possible
deviations from parabolicity suggested by Al flux-
calibration data in Fig. 3. Such a flat region tends to pro-
duce a minimum in the electron density at the well
center, as in a wide square well, because the mutual
repulsion of the electrons is not compensated for by an
attractive minimum in the well. These calculations show
that the energy levels shift by ~10% from their parabol-
ic well values, with the same sign and magnitude as ob-
served experimentally. The perturbation of the comput-
ed density takes the form of a minimum at the center of
the well ~50% below the design density n ., flanked by
two local maxima ~20% above n,. Although it is
difficult to establish an exact correspondence between
theory and the actual density profile, these calculations
give an estimate of the magnitude and form of probable
nonuniformities. By choosing the minimum Al fraction
to be nonzero, and large enough for accurate control of
the Al furnace shutter, we expect that the digital alloy
technique will be able to produce even better agreement
between the actual and design profiles, without sacrificing
high mobility.

V. CONCLUSIONS

In conclusion, we have demonstrated the production of
a thick, high-mobility layer of electron gas in a parabolic
well grown by the digital alloy shuttering technique.
Measurement of the Al flux during a computer-controlled
growth sequence accurately follows a parabolic profile
when the shutter opening times are calibrated to compen-
sate for the shutter response time. Multiply-periodic
Shubnikov-de Haas oscillations in the low-temperature
magnetoresistance show that at least three subbands of
the well are occupied and determine the subband energies
relative to the Fermi energy. The experimental subband
energies agree with self-consistent calculations of the en-
ergy levels to ~10%, comparable to the uncertainty of
the well parameters. The effects of small deviations from
parabolicity are also discussed.
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