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Figure 5.20: Temperature dependence of the oscillation amplitudes measured

in A601. Solid lines are fits to functions of the form an/sinh(ar).



Chapter 5. Magnetotransport in LSSL devices 121

50 _
40 | ]
g 30f :
” [ ]
(a4 I 4
< ¢ y
10 | :
i o o )

O 1 1 = ¥ 1 1 . 1 L T
0 10 20 30 40

Temperature (K)

Figure 5.21: Temperature dependence of the fundamental £ = 1 oscillation.
The solid line is the theoretical prediction due to the smearing of the Fermi
distribution. The arrows indicate the correction due to the decrease of mean
free path. The amplitude of the oscillations is decreasing faster than expected

because the strain potential decreases with temperature.
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which enters quadratically in the amplitude, is being reduced by the incr€ase

of temperature.
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Appendix

Fourier analysis of experimental data

The good quality of the data obtained from the LSSL devices has made it
possible to use Fourier techniques to analyse the experimental results. These
techniques have proven to be most useful in the analysis of the commensurabi-
lity oscillations measured in the A601 shallow HEMT device where two Fourier
components of the same order of magnitued are present in the magnetoresi-
stance signal. It has been possible to extract accurate values for the relative
strength of each component to be checked against the theoretical predictions.

In this apendix we give a brief description of the numerical techniques involved.

The discrete Fourier Transform of N experimental points { f; },

N-1

Fi =) exp(2rijk/N)f; (5.42)

=0
has been calculated using the Fast Fourier Transform (FFT) algorithm due to
Danielson and Lanczos [63]. The algorithm is based on the recursive subdi-
vision of the original Fourier Transform into Fourier Transforms of even and
odd data points down to Fourier Transforms of length 1, which are just the
input data points. The complete Fourier Transform is then reconstructed com-

bining the suitably reordered data points with the relevant phase factors. The
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algorithm requires the function to be transformed to be sampled at equally
spaced intervals. The result of the FF'T can be viewed as the sampling of the

continuous transformation

400
F(v) = f(t)exp(2mivt)dt (5.43)
at frequencies
_n e N 5 44
v Sty BT Sovilai (5.44)

where A is the sampling rate. The relation between the continuous and the

discrete Fourier Transforms is

F(v,) ~ A F, (5.45)

The magnetoresistance signal is periodic in 1/B whereas the experimental
data is sampled at equally spaced B-field values. The inversion of B values
yields a data set with an increasing density of data points towards the origin.
A cubic-spline interpolation routine [63] is used to generate N = 2048 equally
spaced points to be used in the FF'T. The resulting FFT covers the “magnetic
frequency” range |v| < N/[4(By' — ByY)).

The Power Spectrum of the signal can be easily calculated from the FEF'T

using the periodogram estimator

P(0) = 5 Fol?

N (5.46)
2

1
P(w) = m{leP + |Fnif?), k=1,...,—-1

1
P(vn/2) = ﬁle\//ﬂ2
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The periodogram is normalized to the mean squared amplitude of the signal
and therefore the height of the Power Spectrum peaks depends on the magne-
tic field range used in the FFT. The effects of frequency leakage are reduced
using a Parzen window [63]. The zero offsets and slow varying background
that obscure the Power Spectrum calculation can be readily eliminated by dif-
ferentiating the data. This procedure enhances the higher frequency peaks so
that the ratio between the peak heights of second and first Fourier components
for the differentiated data is four times its value for the raw data. All the FF'T

spectra shown in this work correspond to differentiated data.

The separation of the Fourier components from the magnetoresistance si-
gnal was achieved by digitally filtering the experimental data. The FFT of the
raw data was multiplied by a Welch window centered at the frequency of the
relevant PSD peak. An inverse FFT yields the component of the signal at the
selected frequency. Figure 5.8 illustrates the filtering process on experimental

data.
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Conclusions

We have developed a fabrication process to realize Lateral Surface Superlat-
tices devices for transport experiments at low temperatures. The fabrication of
LSSL devices is a technologically demanding process involving high-resolution
electron beam lithography and several other standard techniques of microelec-
tronics that have been pushed to their limits because of the small dimensions
of the devices. The difficulty of obtaining a good LSSL device like the ones
studied in this work is considerable due to the proximity of the 80 submicron
fingers that form the interdigitated gate structure. This fact poses severe pro-
blems for the lithography and especially for lift-off, since a few breaks in the
gate structure completely ruin the superlattice device. Moreover, the requi-
rements of low temperature operation and high mobility 2DEG demand high
standards in the ohmic contacts and in the epitaxial HEMT layers that are
not easily attainable. A great deal of time and effort has been devoted to the

fabrication of the devices.

The small dimensions of the device, imposed by the limitations of the li-
thographic technique, have made it possible to study classical-size effects in

the magnetoresistance of the ungated device structure due to the interaction
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of the cyclotron orbit with the walls of the conduction channel. The study
of the low field magnetoresistance of the ungated device has been taken a5 a

reference point for the analysis of the periodic modulation effects on the 2DEG.

The commensurability oscillations of the magnetoresistance, arising from
classical resonances between the cyclotron orbit and the period of the super-
lattice, have been studied on LSSL devices with different 2DEG depths. We
have demonstrated that the proximity of the 2DEG to the surface leads to a
stronger coupling between the electron gas and the surface potential that is di-
rectly reflected in the commensurability oscillations. An exceptionally strong
second Fourier component in the commensurability oscillations has been mea-
sured that is not present in the “control” standard HEMT device nor in the
data published in the literature. The Fourier analysis of the experimental data
has made it possible to reconstruct the effective potential and we have found a
first harmonic content much larger than the value predicted by electrostatics.
The remarkable agreement between the potential deduced from experiment
and theoretical calculations based on deformation potential shows that 2DEG
modulation is mainly due to the compression of the GaAs caused by the dif-
ferential shrinking of the metal gates. The presence of the “uncontrollable”
strain potential in LSSL devices may constitute a limitation for LSSL device
operation where electrostatic control of the effective potential is required. The
temperature dependence of the commensurability-oscillation amplitudes con-
firms its semi-classical origin. We find that the amplitudes decay faster than
the semi-classical theory predicts, which is consistent with the reduction of

differential shrinking as temperature is risen.

LSSL devices have not fullfilled the initial expectations in terms of versati-
lity and controllability of the 2DEG. In this respect, good quality 2DEG layers

without parasitic free electrons between the surface and the 2DEG are essen-
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tial. We have shown that shallow 2DEGs, which are essential for short-period
superlattice devices, provide an enhanced coupling with the surface potential.
However, the high mobility of the shallow device is achieved thanks to a pa-
rasitic layer of electrons around the donors. The depletion of this layer by
the gate voltage causes a significant mobility drop. Moreover, the presence of
a large built-in stress potential makes the electrostatic control of the 2DEG
potential very poor. Research on shallow 2DEG layers has recently attracted
much attention and it may lead to improved structures in the future. The
success of “high-temperature” quantum point contacts on shallow structures
has arisen the interest on the application of shallow 2DEG layers to other kind
of devices, and the measurement of commensurability oscillations in LSSLs is

a very direct means of assessing the effective potential at the 2DEG level.
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Suggestions for future work

The establishment of a technological process to fabricate LSSL devices
opens up many possibilites for further research on periodically-modulated
2DEGs. In turn, low-temperature (4 K) magnetoresistance measurements on
LSSL devices yield direct information on the potential at the 2DEG level, ma-
king LSSL devices ideal for testing the behaviour of novel material structures
and guiding the research for an improved shallow 2DEG layer design. The
growth, fabrication and measuring facilities available in the Department bring

the opportunity to make progress in this direction.

By making use of the new, state-of-the art lithography system which has
recently become available in the Department, lower periodicity devices could
be studied. Again, commensurability oscillations could be used to probe the
effective potential at the 2DEG level. These short-period devices are expected
to induce considerably smaller modulation of the 2DEG and could give some
information on the effect of the random impurity potential on gated devices.
Short-period devices on shallow 2DEG material could also be used to test the
“strain theory”, since it predicts that the second Fourier component of the

commensurability oscillations is strongly attenuated for small-period super-
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lattices (¢ < 100nm). A systematic gate-bias study of different period and
different mark-space ratio superlattices could yield relevant information in or-

der to separate the effects of strain and electrostatic potential.

To take full advantage of the milliKelvin and high magnetic field facilities
of the Physiscs Department some more experiments on LSSL devices could
be attempted. At fridge temperatures and for a fixed magnetic field, a gate
sweep should allow the observation of edge-state reflection. For a fixed value of
magnetic field, the gate bias could be adjusted so that only one edge-channel
is allowed through the gates. This would transform the transport through the
device into a one-dimensional problem and would increase the probability of

observing quantum effects.

The study of a series of 3, 5, 7, ...interdigitated finger devices could be
interesting in order to observe the transition from resonant-tunneling devices

to a true superlattice device.
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