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We investigate the dependence of tlie Ferini surface on the doping period in periodically
i spike doped GaAs, for a doping period in the range 100-830A. Tlie theoretical extremal
cross sections of the Fermi surface are obtained from a self-consistent calculation of the
miniband structure, whose comparison witli the experimental ones allows to cstimate the
sheet carrier distribution in the superlattice minibands, thus providing a valuable means
of sample characterization. The dependence of the Fermi surface upon the superlattice
period pictures the crossover from two to three dimensional electronic structure. We also
find evidence that the magnetic field induces tlie tunnelling of electrons between minibands,
provided that the cgclotron energy is sufficiently liigh in comparison with the energy gap
between tlie minibands. Photoconductivity spectra are described by an absorption threshold
at tlie Fermi energy, which is pushed upwards when the superlattice period decreases.

|. Introduction

Spike doping is a technigque which can be used to ob-
tain carrier confinement in semiconductor microstruc-
tures. In Si spike doped GuaAs, a sheet of Si donors is
localized within a few monolayers of the crystal. The
electrons, released from the shallow donors, are con-
fined by a V-shaped space charge potential, a é—well.
In a §—superlattice, equally spaced dopant sheets are
introduced in the crystal, and the superposition of the
V-shaped wells centered on different dopant slieets re-
sults in a periodic potential in one dimension. which
gives rise to a miniband dispersion relation dicl a Fermi
surface. By varying tlie spacing between the dopant
sheets, the strength of the interaction between adja-
cent 6—wells can be tuned, and the system can be taken
from a set of disconnected two dimensional systems for
the widely spaced wells to an essentially anisotropic
three dimensional system for the short period super-
lattice. The effect of coupling between adjacent wells
when the superlattice period is made shorter can be
investigated optical and magneto-transport studies of
§—doped GaAstt=4,

The clectronic  structure (minibands) for the

d—superlattice can be calculated in the frame of the
effective mass approximation!®), from which the theo-
rctical interband emission and absorption spectra are
obtained, and the main features detected experimen-
tally are well reproduced. However, an interband op-
tical spectrum requires the calculation of the valence
band structure and a modelling of the bandgap renor-
malization, which is inherent to degenerate semiconduc-
bor systems, and these are unnecessary complications if
one is interested in the energy spectrum for the con-
duction electrons only. An ideal test of the accuracy
of the theoretical model for the conduction band struc-
ture (miniband widths, energy minigaps and position
of the Fermi level) would be a direct comparison of
tlie calculated electronic miniband structure with the
experimental one, which is free from the difficulties re-
lated to tlie valence band and the renormalization of
tlie bandgap. Such atest can be provided by the study
of tlie Fermi surface of the é—superlattice, which is the

object of the present report.

II. Experimental

The samples were grown on (100) GaAs undoped
semi-insulating substrates in a Varian GEN II MBE
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system. A ratio of Asy and Ga beam equivalent pres-
sures around 20 was chosen. The substrate temperature
was 540°C', which was determined with an Ircon V -
series pyrometer, with tlie emissivity sct. at 0.70. These
growth conditions ensure a (2 X 4) As stabilized sur-
face reconstruction during MBI growtl. In all saniples,
a MBE undoped GaAs buffer layer was grown before
doping. Tlie growth rate for MBE was estimated to be
1.5 pm/h. According to these growth rates, the layer
spacing was estimated, which mas varied from 8304
down to 1004, while the doping level per period was
kept constanl at approximately 3.0 X 10*2em=2.

The Shubnikov—-de Haas oscillations were studied at
afixed temperature of 7= 2 K in magnetic fields up to
9 T. The sample holder allowed for rotation of the sam-
ple, and the direction of the magnetic field relative to
tlie superlattice axis was established with an accuracy
better than C.1%. The samples were tlluminated with a
red LED before measurements were started. Hall mea-
surements at 2 K mere performed using the van der
Pauw technicue, and the average Iall mobility was ap-
proximately 1000cm?/Vs for all samples. Photocon-
ductivity measurements were performed ai a sample
temperature of 2 . Light from a tungsten lamp was
dispersed by a grating monochromator and conveyed to

the sample by an optical fibre bundle.

III. Rcsults and discussion

For all tilt. angles (the angle between the magnetic
field directioi- and the superlattice axis), the magne-
toresistance displays oscillatory components, which are
periotlic in inverse field.

First tlie transverse SAdH spectra (field applied par-
allel to tlie growth direction) will be discussed. Fig. 1
shows the inverse field Fourier transform for samples
with a superlattice period il the range 830A-1004.
For the 830A sample, the §—wells are disconnected.
and three peaks are detected, which correspond to tlie

occupancy of three subbands. The occupancy of the

ground-state ‘1) miniband, which contains most of
the electronic charge, is detected only as a weak peak
in the Tourier spectrum, which is because of its rela-

tively lower rmobility due to the strong localization, or
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short binding length, of the E1 electrons(®l. When tlie
d—well spacing is decreased, the binding length rises,
and so does the relative strength of the peaks related to
the ground-state miniband occupancy; simultaneously,
tlie widths of the minibands increase, while the num-
ber of populated minibands is reduced. For the 100A
sample, most of the electrons are in the ground-state
miniband, which gives rise to a strong peak in the high

frequency range of the Fourier spectrum.

g 1 ;

5 100A

[ge]

~— £2 .
El 170A

(«D)

O

>

= | :

- el 220A

P

o

= '

. 400A

14D

-—

c E2 ‘

3 | 830A

50 100

0
mag field (T)

Figure 1: Fourier spectia d the experimental recordings of
tlie inverse fiddd Shubnikov-de Haas oscillations. The nomi-
nal spacing between tlie 6—wells for each curve is indicated.
The miniband corresponding t0 each pesk is indicated.

The peaks B; in the Fourier spectraare the extremal
cross sections A; of the Fermi surfacein a plane perpen-
dicular to the field direction, in units of #/27e. This
hypothesis is exactly true in tlie semi—classical limit (at
a high Landau level filling factor), but also remainsas a
very good approximation in the vicinity of the quantum
limit for an electron gasin a one-~dimensional potential,
as can be demonstrated by numerical calculations!™. In
order to interpret quantitatively the SdH data, it is nec-

essary to know the shape of the Fermi surface, which
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we calculated self-consistently. The self-consistent pro-
cedure included the conduction band non-parabolicity
and the exchange-correlation correction in the local
density approximation. The input parameters were the
superlattice period and the sheet carrier density per
period. Details of the calculation procedure are given
elsewherel®]

The Fermi surface has the growth direction as its
axis of symmetry, and can he represented by its rota-
tionally symmetric cross section. The Fermi surface for
the 100A superlattice is shown in Fig. 2 in the extended
zone scheme. The outer curve. recognized as a cylin-
der with a periodically modulated cross-section. is the
Fermi surface for the F'1 miniband, whereas the next
miniband (E2) gives the lens-shaped surface centered

around the minizone extremum.
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Figure 20 Cross section of the Fermi surface of a
s—superlattice in @ plane containing the growth axis. The
divisions on tlic axes are in units o x/¢ (« is tlic superiat-
tice period, indicated for ecach structure). All figures enclose

the same arca of momentum space.

If the superlattice period is increased. the Fermi sur-
face for the second miniband swells until it opens at the
center of the Brillouin zone. thus changing gradually
from the lens-like shape to the periodically modulated

cylinder one; when the superlattice period is increased
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further, tlie third miniband (E3) starts to be popu-
lated, which gives rise to ariew Fermi lens-like surface
at the minizone center, as for the 220A superlattice,
also shown iii Fig. 2. Conversely, if the superlattice
period is reduced fron: 100A, electrons are transferred
from the second to the first miniband, whose Fermi sur-
face becomes more strongly modulated, and ultimately

becomes closed.

The clectronic minibands described hy an open
Fermi surface will contribute to the transverse SAH os-
cillations with a belly’ and a 'neck’ frequency, (which
become degenerate in the uncoupled é—well limit),
while the minibands described by a closed Fermi surface

will be characterized hy a single frequency.

For an open (cylinder-like) Fermi surface, the ex-
tremal Cross section in a plane perpendicular to the
field direction will increase when the direction of the
magnetic field 1s tilted, and will be finite only below a
critical tilt angle, 6., above which only open orbits in
k—space are allowed. For aclosed (lens-like) Fermi sut-
face, the cross-section decreases when the field is tilted.
These opposite tendencies can be observed in Fig. 3,
which shows tlie Fourier transform of the SdH spectra
evolution tis a function of the angle between the growth
direction and the magnetic field (0). For the 170A and
the 220A samples, a strong peak at low frequencies is
displaced to the Irft when @ incrcascs, whereas a weak
peak at high frequency moves to the right. The low
frequency peak corresponds to a partially filled second
miniband, and the high frequency one is due to a filled
ground-state miniband. For the 400A structure, two
peaks are detected at low frequencies; the lower fre-
quency one, which is displaced to the left one the sample
is tilted, is ascribed to a partially filled E3 minihand,
and the oiie that moves to the right is ascribed to a full
£2 miniband. In the 830A pcriod structure, the peak
positions scale as cos 8, as expected for a set of discon-
nected 2D systems. The 100A structure shows a single
peak of constant frequency, which is indicative of a 3D

electronic structure.
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Figure 3. Forrier transform 0Oii the inverse field Shubnikov de Haas oscillations. Tlie tilt angle to each curve is obtained by
following the spectrum baseline to the right side. The spacing between tlie §—wells, correspondent to each set o curves, is

indicated.
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Figure 4: Op:n circles show the frequencies I3,, obtained
froin the Four er spectra of Fig. 3. The area of each circle s
ameasure Of the relative intensity of the Fourier peak. Solid
lines are the Fermi surface Cross sections. obtained from the
numerical calculations.

The angular dependence of the peak positions de-
tected in the spectra of Fig. 3 isshown by dots in Fig. 4.
The radius 0" eacli dot is a measure of the relative in-
tensity of the corresponding peak; the general trend ob-
served for all samples is that when tlic peak moves to
higher freque icies as the tilt angle increases. its ampli-
tude fades oiit rapidly. This effect. is due to an increas-
ing cyclotron mass with the tilt angle As the sample is

tilted. the quantization condition. wrgy > 1. where 7o

is the quantum lifetime, is reached progressively weaker
in the range of fields of our cxperiments, leading to
weaker oscillations. Conversely, for the electronic or-
bits in the lens-like sections of the Fermi surface, the
cyclotron mass decreases, and tlie amplitude of the SdH

mereases.

In the numerical calculations, the superlattice pe-
riod was taken as equal to the nominal value, and the
total sheet carrier density, n,, was adjusted to obtain
the best agreement between the calculated extremal
cross soctions of the Fermi surface and the frequencies
(B;) for 0 = 0. For the samples studied, we find ns to
be in arange of 2.2 —- 2.8 X 10'2¢m =2, which is reason-
ably closc to tlie intended doping level. With the input
parameters thus fixed, the extremal cross sections of the
Fermi surfaces were calculated for tlie whole tilt angle

interval (0 — 00").

The calculated Fermi surface extremal cross section
dependence oii @ closely match the measured frequen-
cics 73;, however, for some of the samples, described
by an open Fermi surface, agreement is only obtained
below the critical tilt angle 6.. Most noticeahly, this

is the case for the F1 Fermi surface cross section of
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Table 1. Estimated magnetic field (Tesla) required for
the breakdown of Bragg reflection of the electrons in

tlie £1, E2 and E3 minibands.

Superlattice E1 B2 E3

period

1004 L7t - -

170A 5.9 -
2204 85 <« 1.0
4004 16.6 4.8 5.0?

4 Breakdown expected from fiw, Ep > A’
b Experimental points persist above R.

the 100A superlattice (O, ~ 50°), the E2 of the 220A
one (O, ~ 60%), and the E3 of the 4004 superlattice
(0, ~ 60"). Above these 0, whereas no finite extremal
cross-sections for the corresponding Fermi surface mini-
band exist, tlie experimental curve persists.

The appearance of frequencies above tlie critical an-
gle can occur asthe result of magnetic breakdown of the
Bragg reflections by tlic superlattice planes. Tlie mag-
netic field strength required foi an electron to cross a
Bragg plane and transit between two minibands, sep-
arated by a gap of energy A. is hw.Ep > A?, where
w, 1s the cyclotron frequency and Fp is the Fernm en-
ergy. The calculated magnetic fields required for tlie
breakdown of Bragg reflection are shown in Table 1,
and are clearly consistent with tlie hypothesis of mag-
netic breakdown. However, this isstill only an indirect
evidence of its occurrence; a direct observation (by em-
ploying stronger magnetic fields than the ones used in
this work) would be a more accurate test of this hy-
pothesis and therefore of the accuracy of the theoretical
calculations.

The photoconductivity spectra. at 2K for tlie 170,
220 and 400A &§—superlattices in the energy range near
the GaAs band-edge were measured, and are sliown
in Fig. 5. Tlie spectra are described by a smooth ab-
sorption onset, which blue shifts when the superlattice
period decreases; this is a consequence of tlie increase

5

of tlie Fermi energy®. Tlie theoretical threshold for
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absorption from the n-th hole miniband, indicated by

arrows in Fig. 5, was estimated by
Mpreshotd = g + BGR~Vy + Ep + Hyp

where Fe = 1.519 ¢V, V4 is the potential barrier be-
tween tlie wells, E'p is the Fermi energy measured from
tlie bottom of tlie well, H,r is the hole energy at the
Fermi wave vector, and BGR ~-34 meV, as estimated

for a 3D electron gas!®).
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Figure 5: Photoconductivity Spectra o periodically spike
doped GaAs. Tliespacing between tlie §—wells isindicated
for each curve. Theoretical transition thresholds are indi-
cated by arrows.
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In summary, we have studied the magnetoresistance
oscillations in GaAs é—superlattices in tilted magnetic
fields. These can be interpreted in termsof the shape of
the Fermi surface, which evolves progressively from tlie
cylindrical sliapein the uncoupled 6—well limit, and ap-
proaches asphere for tlieshort period superlattices, and
for a doping period below 100A the electronic structure
is effectively three-dimensional. It isshown that the oc-
currence of magnetic breakdown of Bragg reflection is a
probable effect in these systems, and its study can pro-
vide an important test of the accuracy of the theoretical

modelling of the conduction band structure. Photocon-
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ductivity spectra were also measured, and tlie spectra
obtained are consistent with the interpretation of the
transport data. A complication whose importance re-
mains 10 be investigated is the effect of magnetic depop-
ulation of tlie minibands!®). lii addition, we have not
examined a possible influence of tlie incident light upon
the self-consistent potential for electrons and holes!?]

in tlie interpretation of the optical measurements.
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