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We have measured the magnitude of the potential modulation below gated one-dimensional lateral surface
superlattices fabricated with periods between 60 and 600 nm on a range of GaAs/AlGaAs heterostructures. The
magnitude of the modulation was obtained by studying the amplitude of the commensurability oscillations in
magnetoresistance, and confirmed by analysis of the low field positive magnetoresistance step. Without gate
bias applied, the modulation is generated by strain in the gates, coupled piezoelectrically to the two-
dimensional electron gas. Both magnitude and harmonic content of the potential are in reasonable agreement
with a recent theoretical calculation of this coupling, over the full range of periods and for all the structures
studied. Away from zero gate bias electrostatic modulation adds to the piezoelectric component. This differs
according to the sign of the applied bias. In depletion it increases roughly linearly with bias and is in good
agreement with theoretical estimates, whereas in positive bias it tends to saturate as strong screening in the
donor layers develop$S0163-182@9)01927-X]

[. INTRODUCTION unable to reproduce the harmonic content of the measured
potential assuming a built-in voltage on the gates which
Electrons moving in a two-dimensional electron gaswould generate the modulation electrostatically. Instead we
(2DEG in a modulation-doped heterostructure have largeproposed that differential contraction between the gate and
mean free paths and hence it is possible to perform expersemiconductor led to strain which caused the observed
ments in which this mean free path is greater than 1 or morenodulation of the 2DEG. It is now recogniZéahat strain
critical dimensions of a deviceAn early experiment of this plays a role in many experiments where electronic transport
type was the study of the magnetoresistance due to a periodig sensitive to weak potentials.
modulation of the 2DEG resulting from either an array of ~We assumed in our first calculatibrthat strain coupled
metallic gates deposited on the surface of the heterostructute the 2DEG through the deformation potential. This gave
across the direction of current flow or a periodic optical ex-good qualitative agreement with experiment and explained
citation. The result in both cases was a series of magnetoréhe strong second harmonic observed. However, the pre-
sistance oscillations driven by commensurability between thélicted potential modulation was too small by nearly an order
period of the modulation and the cyclotron radfi$.We  of magnitude when all sources of screening were taken into
refer to these oscillations as commensurability oscillationsiccount, including the effect of a parasitic layer of electrons
(COs. Early theoretical analyses related the magnitude, frearound the donors in the experimental structure. In Il-V
quency, and phase of the COs to the amplitude and period sfemiconductors, strain also couples to electrons through the
the potential modulation induced by the gate$ln a further ~ piezoelectric effect. This interaction depends on orientation,
study of gated superlattices, Betenal.”® explained the low unlike the deformation potential. Most samples are grown on
field positive magnetoresistan€EMR) step that generally (100) surfaces and we assumed in our initial analysis that
accompanies the COs. They ascribed this structure to theurrent flowed along thg010] direction. There is no piezo-
effect of open orbits running along the equipotentials in theelectric interaction in this case. However, practical devices,
2DEG, and estimated the field of maximum resistance anihcluding those fabricated by Cuset al®!°are usually ori-
the magnitude of the effect. ented parallel to thg011} cleavage planes, and current flows
In the case of a metallic gated sample, the obvious sourcalong a(011) direction. This maximizes the piezoelectric
of the periodic modulation is a potential difference betweencoupling and the potentials we initially calculated are there-
the gate elements and the semiconductor surface in betweefore incomplete for most experiments. In a further theoretical
In a number of recent experimerit!? which used lateral papel® we have calculated the piezoelectric interaction and
surface superlattices(LSSLg on particularly shallow shown that it is of the correct magnitude to explain the data
2DEGs, we showed that there was a periodic potential eveaf Cusco etal? We have also exploited in a recent
when the gates were grounded. There was also a strong seexperiment* the angular dependence predicted for the piezo-
ond harmonic component in the COs. In a previous p&bper, electric coupling in order to confirm that this interaction is
we considered possible sources of this modulation. We weritadeed dominant. In this experiment we fabricated superlat-
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tices at different angles to the crystallographic axes, andlisproportionately attenuate the COs. As for a typical 2DEG
backed off the strain induced modulation with an electro-the quantum or unweighted mean free pdt) (which does
static potential on the gates. We thereby showed that throt deemphasise small angle scattering, can be a factor of ten
piezoelectric coupling is of opposite sign for current flowing or more less than the transport mean free path, the condition
in the [011] and [01T] directions as is predicted by the (Iq>L) is @ much more restrictive one. Particularly in re-
theory. verse gate bias, this can significantly affect the observed am-
The main aims of this paper are to report an extende@”tUdes of the COs. We discuss this point in more detail in
study of the variations of the amplitude of the COs forSec. Il A below.
LSSLs fabricated on different types of heterostructure and One of the features of the data we are strongly interested
with a wide range of periods, and to compare these observad is the harmonic content of the COs. It is well knoWthat
tions with the predictions of the piezoelectric model for zeroif @ superlattice is fabricated with a mark/space ratio differ-
gate bias and with the electrostatic models at finite gate biagnt from unity, then a second harmonic in the potential and
Specifically, we intend the following. the resulting COs naturally results. This conclusion is sup-
(i) To describe the magnitudes and harmonic contents dported by our theoretical analyst's: Therefore in order to
the potential modulations observed for a wide range of difinvestigate the harmonic structure introduced by strain per-
ferent samples fabricated on GaAs/AlGaAs and GaAs/AlAdurbation, we have restricted ourselves in this study to super-
heterostructures with the 2DEG confined at different dis/attices in which the gate widths are nominally equal to their
tances from the surface. separations, a mark/space ratio of 1. The effect of small
(i) To compare the magnitudes of the potential modulalithographic errors on the mark/space ratio and hence on the
tion deduced from the amplitudes of the COs and from thénagnitude of any second harmonic component in the COs

low field positive magnetoresistance structure. will be discussed in the relevant section.
(iii) To show how the elastic and the electrostatic contri-
butions to the modulation interact together, and to compare B. 2DEG structures

the magnitudes observed with the theoretical predictions in For the original work on short period superlatticesid

; 11 ; 13
Dal\get?]it r?lz.xt ir;?:t:z)?lrli/lvneefj?sléuss the layer structures fabri‘:iISO on other nanoelectronic dev!);ewe developetl shal-.
cation processes and measurement techniques used’ Thislolgv. 5-d9ped heterostructures with the electrons'confmed
followed by a critical account of how modulation amplit.udes against interfaces 28 nm from_the _surface, and with spacer

: . thicknesses of 11 nm. Those with this geometry and AlGaAs
may best be deduced from experimental data. We discuss the

maanitude of the modulation observed without any volta barriers generally were found to have too low a mobility to
9 y 9% suitable for these studies, but equivalent layers with AlAs

applied to the gates, which is caused predominantly by o s \ere used for much of the earlier wdf.In these
strain. The harmonic content in the COs gives important in;

formation about the source of the modulation and we discuslayers’ a sheet of mobile electrons round the donors screens
o S . the random potential and raises the mobility to values ap-
this in detail. Finally we look at the effect of varying gate

bias in both positive and negative directions proaching 100 v ~*s™L1 We _caII this layer structure
' “type 1.” For the work on the orientational dependence of
the piezoelectric interactioff,we useds-doped AlGaAs bar-
IIl. EXPERIMENTAL TECHNIQUES rier material with a 20 nm spacer, in which the electrons
A. Sample requirements were trapped against an interface 38 nm from the surface.

. . . Typical electron mobilities for this layer were around
The first requirement for our samples is that the perturbaz10 mV-1s ! (type 2. Experiments were also performed

tion induced by the gates should be passed to the underlyiqgsing standard slab-doped deep 2DEGs with the electrons 92
2DEG without excessive attenuation. The theoretical Worlﬁm from the surface. which have mobilities in excess of

suggests that both electrostatic effects and the results of t%o n?V-1s ! (type 3. Experiments using all three layer

strain are proportional to exp@maL), wherez is the co- types are described in this paper. The mobility values we

ord!ngtefln;o the S(Iam[condligpr fr:on;] the sqrfabasbthe ¢ have quoted are for samples cooled slowly and measured in
period of the superlattice, anulis the harmonic number of -y, dark, our normal experimental conditions.

the perturbation. Hence for low attenuation we require a
large ratio ofL/d, whered is the depth of the 2DEG. In this
work we used samples with/d ratios between 2 and 20. At
the lower bound of this range, higher harmonics particularly The LSSLs were fabricated on wet etched Hall bars with
are strongly attenuated. channel widths between 10 and 1pénh. The superlattices
Our second requirement is that the electron mean freevere fabricated across the Hall bars using electron beam li-
path in the 2DEG should be sulfficiently large that electronghography, positive resist and lift off, with generally 50 to
are able to describe cyclotron orbits without significant scat100 periods. Using this technique periods down to 60 nm
tering. In the simplest models for CAS this means that the were fabricated. Even at this short period, the behavior of the
transport mean free path should be greater than the cyclotrauperlattices was semiclassical and dominated by the COs.
orbit circumference commensurate with the fundamental peTo make reliable electrical contact to all the superlattice fin-
riod of the superlatticel & L), which with superlattices of gers on deep material, it was generally found necessary to
periods around 200 nifa typical valug¢ and standard 2DEG bring the gate pads over the etched edges of the Hall bars.
materials is relatively easy to satisfy. However, recentThe voltage leads on the Hall bars were close to the super-
studied®'® have pointed out that small angle scattering canattice but outside it. Inevitably this produced resistance in

C. Fabrication and measurement
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series with that of the superlattice itself, which was sub-to the COs is usually the most important after the fundamen-
tracted from the data as necessary. tal)) In an alternative approach, which eliminates completely
Samples were measured either at 1.4 or 4.2 K to suppreske effect of a linear background, the magnetoresistance trace
the Shubnikov—de Haas oscillations, using a standard lows numerically differentiated and fitted with a derivative form
frequency lock-in amplifier technique. The low field magne-of Eq. (1).
toresistance was generally measured at a range of positive The R term in the denominator of Eq1) implies that the
and negative gate voltages, and with no gate voltage appliedmpiitude of the COs drops in direct proportion to the mag-
netic field with increasingk. In practice, this behavior is
Ill. DEDUCING MODULATION POTENTIALS rarely observed, as has been pointed out by several
FROM THE MAGNETORESISTANCE DATA authors>!® Representative data, obtained using the deriva-

We have used in the main two features for deducin tive method, are plotted in Fig(d). In this figure, the mea-

phenomenon in the magnetoresistance which reflects t
magnitude of the periodic potential has also recently bee
observed. Geinet al® have shown that above the highest
field CO, a quadratic component in the magnetoresistance

pproximately doubled and a linear region clearly emerges.

he vertical bars on Fig.(&) correspond to fields at which
circumference of the cyclotron orbit is equal to the appropri-
e transport mean free paths. Clearly the COs are attenuated

;%rglezlnggzquﬁgdi;[;msa brﬁ?u%\gocr:; Iir:p“r(i:;[clinIteh?)eseur:gi::at?)-at much higher fields. If we look at the more complete solu-
9 P P tion of the Boltzmann equation for a single relaxation time

estimate the periodic potential. However, we do not find thlsaISO described by Beenakiieand further refined by Menne

phenomenon to be universal in our data; it occurs for Iongand Gerhardt® then it can be shown that, in the limig,
period superlattices measured at high temperatures on IO\gL andR,~| ihe amplitude of the COs is’multiplied by an

mobility material, where the Shubnikov—de Haas OSC'”atlonsaddmonal Dingle factormR, /| sinh@R./1), which leads to
do not overlap the COs. For most of our samples, these os- . o

. : . ; - attenuation of the oscillations when an electron cannot de-
cillations interfere and the quadratic magnetoresistance is el-

-scribe a cyclotron orbit without scattering. In Figblwe fit
::gsgi,[efzy%geﬁ;ined or not seen. We do not therefore dlstﬁe data using this functional form. Two things should be

noted about the fits. First as described above, reasonable

agreement can only be achieved by using a mean free path

I co very much shorter than the transport mean free path. For
To interpret the COs we use the semiclassical expressioall data setsl o is intermediate between the quantum mean

derived for a simple sinusoidal modulation by Beenakker free path 4 and the transport mean free path, as illustrated by

and developed for higher harmonics by Gerhafdtsis may  the fitting magnetic field parameters for FigblLgiven in its

be written in the form caption. Bagild et al® have also shown by means of simu-

lations that the effective mean free path for smearing of the
eV,\?/ nl? COs is less than the transport mean free ghthfactors of
Er ) (LRC

A. Potentials from the CO amplitudes

6pxx: o1

1+sin
Pxx =12

(1) 1.6 and 3.75 in the simulations reportechich they ascribed

to the more important role of small angle scattering in deg-
In Eq. (1), the left hand side represents the fractional changéadation of the COs than in transport. It is interesting to note
in longitudinal resistivity due to the presence of C®s,is  though that in our Dingle fits, much smaller effective mean
the potential amplitude of thath harmonic component of free paths need to be assumed than are implied by these
the potential in the plane of the 2DE&, is the Fermi Simulations. Secondly, although the Dingle factor fits give a
energy, andR; is the cyclotron radius of the electron orbits. reasonable first order approximation to the observed behav-

Minima in the fundamental component of the COs are preior, they do not predict a sufficiently rapid decay of ampli-
dicted to occur when tude at small fields. This has also been noted in a recent

discussion of this problem by Paltiet al® These authors
L introduced a model for the scattering which suggested a
Re=g(4k—1), (20 Bexd—(B,/B)?] dependence for the CO amplitudes. Fits of
this type are also included in Fig(ld. Both the dark and the
wherek is the index of the CQan integey. Our standard DAL data are satisfactorily fitted using this function with
procedure for estimating the amplitude of the fundamentavalues ofB, of 0.16 and 0.12 T. These are similar in mag-
potential componen¥, is to determine the amplitude of the nitude to those found by Paltiet al.
resistivity oscillation at a particulak, using two resistance In order to use the amplitude of the COs to deduce the
maxima and the minimum in between and substitute in Eqmodulation potentials, one would ideally like to make an
(1), choosing appropriate values for the 2DEG parameters allowance for the scattering. In principle one could make a fit
the field corresponding to the minimum. This procedure al4o the amplitudes at higk to deduceB, and correct the raw
lows approximately for the effect of a linear backgroundamplitudes accordingly. In practice, however, there are rarely
magnetoresistance variation and for the damping. It also sugenough oscillations observed to perform such a correction
presses the contribution from any second harmonic in theeliably, particularly when the potential is strong and the
potential.(As we shall see, the second harmonic contributionPMR structure is prominent. The alternative procedure, esti-

4mnR,
=
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120 T to calculate values dBg to correct our data. Our procedure
m Dark data /i therefore is to use uncorrected amplitude data to evaluate the
o DAL data potentials from Eg.(1). We use the lowesk oscillation
100 where the data is not confused by the overlying
Shubnikov—de Haas oscillationgypically k=2) and for
comparative work on the same sample at different gate bi-
m ases, we are careful to stick to the same oscillation as far as
possible. It should always be born in mind, however, that the
60 potential values we quote may be systematically reduced by
the effects of scattering. We discuss the magnitude of this
reduction in Sec. Il D below when we have evaluated other
40 means of determining the periodic potential.

80

Amplitude (Ohm)

20 I (( B. Harmonic content of the COs

0 /go/O One of the most obvious features of the COs seen for long
0 co2id period superlattices deposited on shallow layers is that there
0 0.1 0.2 0.3 0.4 0.5 are higher harmonics than the first present in the traces. The
(@ B(M harmonic content provides important information about the
origin of the modulation and hence it is critical to determine
it as accurately as possible. A qualitative indication of the
harmonics present can be obtained by Fourier transforming
the magnetoresistance data. However, because of problems
1000 with windowing and with allowing correctly for the ampli-
tude of the oscillations falling with increasitgwe prefer to
determine the harmonic content by reconstructing the mag-
netoresistance oscillations using Ef). An example of such
a reconstruction including first, second and third harmonics
is given in Fig. 2. We estimate the accuracy with which the
0 higher harmonic components are determined in this case is
.(fédo — Di " +20%. One other point about this figure should be noted.
- ingle fit DAL . .
- The field values of the extrema of the experimental trace are
""" Cubic fit dark reproduced to within 2% by the reconstruction. This is con-
=+ = Cubic fit DAL sistent with the probable error in the superlattice period re-
®m  Dark data (x10) sulting from the calibration of the electron beam pattern gen-
O DAL data erator (better than=3%). However, if the extrema of the
' fundamental component are calculated, these do not corre-
. 0.2 0.3 0.4 0.5 :
®) B (T) spond accurately to any structure in thg observed es .
Fig. 2. Hence, when the traces contain a high harmonic
content, it is inaccurate to try to deduce the period of the
LSSL from such extrema. This point has also been discussed
dp a recent paper by Paltiet al?! who came to similar con-
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FIG. 1. (a) Amplitudes of COs for a type 3 sample in the dark
and after illumination(DAL). The period of the superlattice was
300 nm. It was measured without bias applied to the gate, so th .
the COs result from strain effects. The lines drawn are to guide th&lus'ons'
eye to the linear region of the characteristic. The vertical bars mark
the fields at which the circumferences of the cyclotron orbits are
equal to the transport mean free patB€b64 and 0.041 T, respec-
tively). The corresponding values for the quantum mean free paths A prominent feature of the magnetoresistance data ob-
are 2.4 and 3.0 T(b) Fits to the data ofa) the Dingle factor fits use tained for LSSLs with reasonably strong modulation is the
equivalent magnetic fieldéfields at which the mean free path is PMR “step” which occurs at low fields, below the COs.
equal to half the circumference of the cyclotron orfit 0.45 and  This was explained by Betagt al.”®in terms of lateral elec-
0.30 T for dark and DAL data, and the cubic fits haBg  tron streaming orbits which are dominant at low magnetic
=0.16, 0.12 T. The dark data is offset by a factor of 10 for clarity. fields but are no longer possible when the Lorentz force on

an electron at the Fermi level due to the applied magnetic
mating B, from the known mean free paths, is not possiblefield exceeds the maximum force resulting from the periodic
because of the empirical component in the theory. A recenglectrostatic field, the region of magnetic breakdown. For a
calculation by Mirlin and Wolfé” confirms the empirical re- simple sinusoidal potential without harmonics, the upper
lation of Paltielet al. and includes an explicit expression for critical field for streaming orbits is given by
the parameteB,. However, the values calculated from this
expression are between 2 and 3 times larger than we observe < 2V
experimentally and do not differ significantly for dark and B —=_&_ V1

DAL data. We are thus unable to use this expression reliably ¢ Ve Lve

C. The low field positive magnetoresistance step

()
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'3:53 ¥ FIG. 3. Comparison of fundamental potentials deduced from the
CO amplitudes and the low field PMR step. The sample was a 200
56 nm superlattice deposited on a type 2 layer and had no detectable

0 0.05 04 81&) 02 025 03 second harmonic component in the COs.

FIG. 2. The simulated magnetoresistance for a 400 nm perioguggest that the additional contribution to the resistance
LSSL fabricated on a type 1 material compared with the magnetoreshould drop to zero aB., what is observed generally is a
sistance measured at 4.2 K. Fitting parametéfs:=0.34 meV,  flattening out of the magnetoresistance trace and a smooth
V,=0.11 meV,V;=0.26 meV. The vertical bars correspond to the transition into the region of the COs. In the absence of a
minima of the fundamental component of the COs. At higher fieIdsdeaﬂy defined experimental measureBy, we project the
the experimental data is overlain by Shubnikov—de Haas oscma'steepest slope on the step to the peak value and define the
tions. critical point to lie there. However, this procedure introduces

. ] o considerable systematic uncertainty in the value of the po-
where & is the maximum electric field in the system and tential deduced, which we estimate to be of the order of
Ve is the Fermi velocity. A more recent solution of the Bolt- 5oy
zmann equation by Mier et al?? using a square rather than ~— The magnitude of the PMR step also depefsighly
a sinusoidal potential can be used to reproduce the maigyadratically on the strength of the periodic potential. How-

features of this phenomenon and E8) with different nu-  eyer, it is difficult to develop reliable relations for interpret-
merical constants. Although the arguments of Betbral. ing this data and so we do not discuss this further.

are restricted to a simple sinusoid, we have confirmed using
simulations that in the case where multiple harmonics are _ _ _ _ _
present Eq(3) applies provided that all the harmonics are D. Comparison of different techniques for deducing potentials

considered in the calculation &k,.,. Equation(3) may be In Fig. 3, we compare magnitudes of the modulation po-
combined with Eq.(2) to relateB; to the field at thekth  tential deduced from CO amplitudes and from the PMR step
minimum of the COsBy for various gate voltages. The sample consisted of a 200 nm

LSSL on a type 2 layer, which was especially chosen be-
cause it showed no evidence of any second harmonic com-
ponent in the COs. The two sets of data are qualitatively in
excellent agreement, showing a steep rise at negative bias, a
This equation gives a convenient method for estimating theero of potential offset with respect to the gate voltage zero
magnitude of the potential without knowledge of the periodand an increase and saturation at positive gate voltage. These
of the LSSL, provided that it is harmonic free. It also con-features will be discussed in detail in the next section. Of
firms the important experimental result that, as the potentiainore importance here is the ratio between the potentials de-
grows in strength, the number of COs clearly visible aboveduced by the two techniques, which varies only between
the positive magnetoresistance step declines. about 1.2 and 1.5 over the complete bias raf@e&ept near

To use Eq.(3) in order to deduce the magnitude of the zero gate bias where the magnitudes are small and the errors
modulating potential, we need to decide where on the charmare large, with the value deduced from the PMR being
acteristic the point corresponding to the critical field lies.higher. We are unable to account unambiguously for this
This process is complicated by the smooth nature of the trarhigh ratio, but provisionally we attribute it primarily to the
sition from the step into the COs. Whereas the thebffes difficulty in judging the field at the true PMR peak as dis-

BC ar eVl
( (4k—1). (4)

B 8| Er
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1.6 modulation amplitude with gate voltage at the negative side
of the minimum, A tendency for the modulation amplitude to
14% saturate towards a constant value at the positive side of the
m Sample 4A minimum.
1.2 o Sample 4B We explained these features of the characteristic qualita-
tively in our previous publicatioh? which was based on a

1 study of type 2 samples. At zero bias we postulate that only
the strain modulation is acting. As gate voltage is applied, an
electrostatic modulation develops and, depending on the sign
of the piezoelectric modulation, either adds to or subtracts

Potential (mV)
o
=]

0.6 L] from it. In one bias direction therefore the overall potential
increases, and in the other it reaches a minimum before in-
0.4 [ S creasing again. We pointed out that for samples aligned so
. ° that the current flowed alonp011] the piezoelectric cou-
o o ©° ; - ; - ;
0.2 ® o T pling was predicted to be a maximum and of opposite sign to
° " - + that expected for a current flowing along {tésL1] direction,
0 T — T | and reported that this prediction is born out convincingly in
-0.3 -0.2 -0.1 0 0.1 0.2 practice. The sample of Fig. Gample 2 of Ref. 1J4was
: Gate voltage (V) 5

aligned with a current flow direction at 30° {®11], and
hence has a slight offset of the minimum to positive gate
FIG. 4. Modulation potentials for two 300 nm superlattices on Voltage values.
type 3 material. Sample 4A was aligned so that the current flowed In Fig. 4 we show data from an equivalent experiment on
along[011] and sample 4B was aligned so that the current flowed? type 3 layer. Two samples were studied, with current flow-
along[011]. ing in the[011] and[011] directions, respectively. Once
again we observe the characteristic asymmetry in the data for
cussed above. It is unlikely to arise from any underestimat¢he two orientations, with minima at opposite sides of zero
of V; from the CO amplitudes resulting from the effects of bias. The offsets are of the same sign as reported in our
scattering because there is no apparent tendency for the rafiwevious work, but the minima occur at abotit0.15 V,
to decrease at large negative biases, where the mean fresther thant0.05 V observed typically in the type 2 samples
paths are short and these effects are expected to attenuate thigh similar superlattice periods. We ascribe this difference
amplitude of the COs most severely. The good agreemergrimarily to the greater depth of the type 3 layer. The elec-
between potential modulation values deduced from these twirostatic modulation decays monotonically with depth,
different measurements generates confidence that we can r@hereas the fundamental of the piezoelectrically mediated
liably deduce the modulating potentials over a wide range oftrain modulation increases untild~2.5 before decreasing
biases. Similarly good agreement has also been reported lagain(see below. Taken together these results imply that a
Paltielet al?* and by Emeleust al?*for samples modulated greater electrostatic potential is required to annul the piezo-
by surface etching which contain only a fundamental com-electric contributions.
ponent in the COs. Using the data from Ref. 14 and from Fig. 4, together
In samples with a higher harmonic content in the COswith the obvious result that a negative potential under the
such as that shown in Fig. 4, the position of the PMR stemates will produce a negative potentigdositive potential
leads to even higher values for the effective potential, parenergy for electrons beneath, we can deduce the sign of the
ticularly where the fundamental component is srialThis potential introduced by the piezoelectric effect resulting from
is expected because the higher harmonics can give rise &irain under metal gates. We find that for current flowing in

large contributions to the maximum electric field. Hence ouripe [01T] direction (samples 1B and 44 the piezoelectric
overall judgment is that, although the PMR step can give gotential is positive under the gates, and vice versa for the
good guide as to the general magnitude of the first harmonifg1 1] samples. Larkiret al*® have calculated the potential

of the potential, it generally overestimates it, and that morgyssuming that the metal gates do not stress the semiconduc-
reliable data can be obtained from the amplitude of the COg,; peneath when they are deposited, and that the strain de-

at smallk. velops due to differential thermal contraction as the sample
is cooled. They predict, howevethe opposite sign of per-
IV. COMPARISON OF EXPERIMENTAL OBSERVATIONS turbation from that which we observe. We therefore con-
WITH THEORETICAL CALCULATIONS clude that our hypothesis that when deposited the gates are

unstrained is incorrect and that there is sufficient intrinsic
compressive strain after deposition to dominate the effect of
thermal contraction.

The data of Figs. 3 and 4 shows clearly the main features The asymmetry between the two different directions for
we observe in all our samples, and which we may summarizeurrent flow which we report here for a type 3 layer and in
as follows: A nonzero potential modulation in the absence oRef. 14 for type 2, is also seen in the type 1 samples, though
gate bias, A minimum in potential modulation at a gate volt-there the behavior is complicated by the parasitic layer of
age offset from zero, An approximately linear increase ofelectrons screening the channel from the gates, which has to

A. General behavior of the potential modulation
with gate bias
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I T B | perra— 150 K before the DX centers in the layers freeze and further

‘-?‘ —-v2 -va | V2 —-.va = screening by the donor layer becomeg impossible.
s P The diagrams show clearly the main features of the cal-
E08 Rigid A Rigid culations, which are common to all.
§°° Jramm ZEEAS (i) The potential components increase from zero at zero
£ 04 ype2 | y Type 3 . . . . L
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(v) For the sine gate model, at unity mark/space ratio, the
FIG. 5. Theoretical plots of first four Fourier components of the third harmonic is identically zero. The first harmonic satu-
potential as a function of normalized superlattice period predicte¢ates at a period which depends on the thickness of the gates
for piezoelectric coupling using two models from Ref. 13. Layer jnd the elastic constants which are assumed.
parameters are for type 2 and type 3 samples. Most of these features are seen at least qualitatively in the
data. In Fig. 6 we plot the magnitudes of the potentials ob-
be removed by negative bias before the potential of the gateserved for a range of samples of all types as a function of the
can affect the channéf.All the remaining data discussed in ratio of period to 2DEG depthL(/d). This form of abscissa
this paper are for samples aligned parallel to{#1) cleav- is adopted to test the similarity noted above. The amplitudes
age directions, and hence concerns the fully developed pif the fundamentals for type 1 samplder which the data
ezoelectric modulation. We shall henceforth ignore questionsovers the fullest rangere plotted in Fig. @), and in Fig.
of the absolute sign of the potential and concentrate on thé(b) the equivalent data for the type 2 and 3 samples is
magnitude of the piezoelectrically generated modulation. presented. The amplitudes of all the harmonics detected for
the type 1 sample€or which the most exhaustive study has
been madeare given in Fig. €). In all these figures rel-
evant theoretical curves are included, to aid comparison with
experiment. These were calculated for an assumed strain in
The modulation at zero gate bias represents then the effethie gate of 0.001derived by Davies and Larkthfrom ther-
of the elastic strain piezoelectrically coupled to the 2DEG.mal expansion argumentdNo account is taken either in the
The magnitude of this modulation has been calculated byheoretical plots or in the data of the signs of the potentials,
Larkin et al,*®> assuming as discussed above, that the straiwhich are in any case not known for the majority of the type
results from differential thermal contraction between the gatel samples. All the data shown is for samples with nominally
and the heterostructure during cooling and has an appropriaggual mark/space ratios, to which the theoretical curves in
magnitude. Some representative results from these calcul&ig. 5 apply. The type 1 superlattices include one with a
tions are shown in Fig. 5. These plots give the predictegeriod of 60 nm, which we believe to be the smallest period
amplitudes for the first four harmonics of the potential as &ully gateable lateral superlattice yet reported. Its behavior
function of the ratio of superlattice period to 2DEG depthwas completely in line with the classical models used to
(L/d), and are for superlattices with equal mark/space ratiosanalyze the data for larger period samples; no signs of any
The depth parameters are appropriate for type 2 and type [3havior associated with possible quantum effects were seen.
samples. Calculations are shown for two simple elastic mod- We discuss first the type 1 samples in Fi¢g)6Although
els of gate behavior. The first, the rigid gate model, assumethe data is a little scattered, all the features noted above can
a constant lateral stress under the gates, which leads tole distinguished. The magnitude of the potential modulation
concentration of force on the semiconductor at the theirises from low values at short periods, shows a maximum at
edges. In the second, the sine force model, the force is disroundL/d=2.5, and then declines to small values again at
tributed across the gates sinusoidally, and is not singular aroundL/d=5. For longer periods, larger values of the po-
the edges. The strengths and weaknesses of these models &matial are again observed. As noted in the theoretical discus-
discussed in Ref. 13. All the calculations assume screeningion of the piezoelectric coupling,the predicted magnitude
by a charge layer around the donors or at the boundary of thef the first harmonic is in reasonable agreement with the
spacer, where the donors nearest to the channel are situatesperiments:'°though there are some samples for which the
respectively. As explained by Larkiet al, it is most plau- assumed strain is too low. Thus although the evidence from
sible to assume such screening, as the piezoelectric modulthe directional experiments is that the differential thermal
tion will be almost fully established at temperatures abovecontraction model for the strain does not predict the correct

B. Modulation at zero gate bias—magnitude
and harmonic content
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FIG. 6. () Experimental values for magnitude of the first harmonic of the potential for samples of type 1 plotted against normalized
superlattice period. The superimposed theoretical curves are for different models for the elasti¢bsthdagnitude of the first harmonic
of the potential for type 2 and type 3 samples, compared with theoretical curves for the sine model. All gates were 25—30 nm thick apart
from the thick gate sample marked which had a 110 nm datévlagnitudes of higher harmonic components of the potential as a function
of normalized period. All data and theory is for type 1 samples. Note that for the sine model, the third harmonic is predicted to have zero

amplitude.

sign (see abovg it does predict effects of the correct mag- having a 25 nm gate. The resistances of the two samples are
nitude. The experimental scatter is likely to result fromsimilar but the COs for the thicker gate structure are much
variations in the strain built into the sample during deposi-stronger, which is reflected in the magnitude of the funda-
tion. The long period data is too scattered to enable us tanental potential component which is 0.53 meV for the thick
distinguish between the “rigid” and “sine” models. Passing gate, and only 0.23 meV for the thinner one. This significant
on to Fig. Gb), the data is too restricted in range lofd to  increase in the amplitude with gate thickness confirms the
enable the same features as in the type 1 data to be distidominant role of strain in producing the modulation. A
guished. However the modulation magnitudes are similar tdhicker gate is expected in certain cases to exert a larger
those plotted in to Fig. @), as expected. Moreover groups of strain on the underlying semiconductbbut not to change
samples of the same period generally have similar potentiany electrostatic modulation of the 2DEG. It also suggests
modulations, which is a good indication of the consistency otthat the simple rigid gate model, where the strain induced is
the data. One deviation from this general observation is worindependent of the thickness of the gate is too simple, and
thy of note. It concerns the sample marked type 80 nm) that a more sophisticated model would be necessary to ex-
which was specially fabricated with a 110 nm thick gate, aglain the data fully.

opposed to the 25 or 30 nm used for all the other samples in We now pass on to discuss the harmonic data in Kig), 6
Fig. 6. The magnetoresistance trace for this sample is conwhich is overlaid with the predictions for the second and
pared in Fig. 7 with that for a sample identical apart fromthird harmonics for the rigid and sine gate models. Although
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200 whereas in the sine model zero third harmonic is predicted.
— 110nm This suggests that neither of these models fully describes the
1801 25 nm A data. One additional factor should also be taken into account
/ \'\ in considering this observation, however. The higher har-
160 S . - .
monics in the potential are strongly influenced by behavior at
T 140 / the edges of the gatd,and it is well known that the final
/ \_\ stage in the LSSL fabrication process, the lift-off procedure,
Q. 120 can cause varying amounts of lifting and curling of the gates
) / \ at their extremities. Such an effect is liable to produce large
2 100 A\ variations in the harmonic components from sample to
-MVANYAN \ sample.
g 801 \Vj / j In two recent experiments;?* potential modulation of a
&’ 60} __\ L § GaAs/AlGaAs 2DEG by a pseudomorphic heteroepitaxial

InGaAs layer has been reported. Both these papers report

40 1 harmonic content in the COs. Emeleetsal 22 working at an
effective L/d ratio of around 7 and samples of unity

20 mark/space ratio, observed a strong second harmonic com-

0 ponent in the modulation in the piezoelectrically active di-

0 o1 02 03 04 05 06 07 rectlons,_but do not report any higher harr_nomcs. This data is
B broadly in agreement with that summarized above for the
(M) . .
metal gated samples. Although a detectable third harmonic
. . __might be expected in this data, it was not observed. Luyken

FIG. 7. Magnetoresistance traces for two 300 nm pPeriody, o o the other hand use longer periods wifld~12, and
samples with different gate thicknesses deposited on the same type . . . .
See a potential containing strong harmonics up to the sixth.

3 layer and measured at 1.4 K.

Unfortunately their samples had mark/space ratios very dif-

the data is sparser than for the first harmonic, the trendf€rént from 1, and so their data cannot be compared directly
suggested by theory are indeed observed. At sfal] COs ~ With the observations in this paper.
with only first harmonic content are seen. This absence of
higher harmonics at small periods is in agreement with the
predictions of the piezoelectric modeétthough it should be We now move on to discuss how the potential under the
pointed out that in any coupling mechanism the higher harsuperlattice varies with gate bias. We assume that the piezo-
monics decay more rapidly at short periods than the fundaelectric contribution to the potential is independent of bias
menta). At aroundL/d=3, second harmonic components and therefore that any bias dependence reflects the change in
begin to be seen in the data, and these remain significamhe electrostatic contribution to the potential alone. This is
over much of the rest of the range. It was this strong secondxpected in principléthe different contributions act indepen-
harmonic component which led us initially to examine thedently) and was confirmed by Skura al!* who showed
effect of strain from periodic gates in modulating the 2DEGsthat the second harmonic contribution to the potential, de-
in these heterostructures. Although a weak second harmoniived overwhelmingly from the piezoelectric interaction, was
component is predictédfor electrostatic modulation under independent of bias on the sample. Looking first at the be-
certain circumstances even for a mark/space ratio of unityhavior in negative bias, we see, for type 2 and type 3
the strength of the second harmonic observed is far greatsamples, a potential which increases in magnitude roughly
than anticipated from this sourcglt is, however, of similar  linearly with bias (Ref. 14 and Figs. 3 and)4The other
magnitude to that predicted by the piezoelectric model. Osignificant observation from the COs in this bias range is that
course real gate patterns never have precisely unitthe minima move to lower magnetic fields as the bias is
mark/space ratios in practice, but an errorrdd nmina 200 made more negative, reflecting the decrease in mean carrier
nm LSSL with a nominally 100 nm gate, the maximum sug-concentration. Analysis of this data assuming @¢.enables
gested by the inspection of the superlattices in a high resais to deduce how this mean carrier concentration beneath the
lution scanning electron microscope, would only lead to an_SSLs varies with bias. Some data are given in Fig. 8 and in
additional second harmonic component of around 4% of th&able I. Although taken from the positions of the CO
first, much less than is generally observed. Our study of seaninima, they are confirmed by analysis of Shubnikov—de
ond harmonic structure confirms therefore the behavior isaas oscillations from the region beneath the gates. The type
qualitatively as expected for strain coupled piezoelectrically3 samples deplete linearly with negative bias, with the linear
to the 2DEG. Quantitatively, however, the second harmonidit to the data intersecting the axis at an effective bias voltage
data is rather scattered and there is insufficient data to supf around— 0.7 V. This behavior is predicted by the simple
port the existence of the predicted minimum of the seconelectrostatic modelfs: For a mark/space ratio of unity, and a
harmonic component at/d~10. pinned free surfacéixed Fermi level, the mean potential at
The main discrepancy between theory and experiment ithe 2DEG is predicted to be exactly one half that for a con-
the harmonic data is that thirdnd fourth harmonic com- tinuous gate biased to the same potential and for a frozen
ponents have only been detected in the dath/dt ratios free surfacdéconstant charge density at low temperatutks
above 10, as illustrated in Fig(@. The rigid gate model predicted result is also close to a half. Therefore in the linear
predicts that they should be observed at smaller periodsegion the gradiendn/dVy will be half that predicted for the

C. Behavior at negative gate bias
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3.5 — ——t-4.5 We now examine the behavior of the first harmonic of the

& m Sample 1A s o periodic electrostatic potential of the gates as determined
E 31 o sample1B 4 g from the amplitudes of the COs. The limiting electrostatic
."3° °s ® contribution can be estimated by the valuedaf, /dVy, the
=25 <tr— 3.5 ; rate of change of modulation potential with gate voltage, in
c : ./ S the limit of large negative bias; theoretical and experimental
S 2 ﬁ 4 3 3 values for this quantity are also included in Table I. Two
g , /( ,2. theoretical calculations are given, one including the screen-
S 1.5 12 /)/:'—D 258 ing not only by the channel electrons but by the parasitic
e /s o layer round the donors, and the other omitting the latter.
c P 3 Yy . . g. .
8 1]+ 2 = Starting with the type 2 samples, where the piezoelectric
Py |,/ /( o, contribution is relatively small, agreement between experi-
T o5 /2 A SampledA | | o mental and theoretical values including screening by the do-
L 054 15 5 o > .
8 & Sample 4B . nors is quite reasonable. This is as expected given that some

0 [ ~ screening by the donor layer is evident in the carrier density

. 1 1 . -
-0.3 .02 -0.1 0 0.1 0.2 data. For type 3 samples, the dés&e Fig. 4 is less clear

Gate voltage (V) because of the larger piezoelectric modulation, but in the
] ) ) _ limit of strong negative bias, for tHg11] sample(4A), the
FIG. 8. Mean carrier concentrations as a f_unctlon of gate b'a%xperimental value is well above that predicted for donor
for type 2 sampled1A and 1B: left hand ordinajeand type 3 |ayer screening and approaches the unscreened value, as ex-
e e Bt peced. ie concude tha n negaive bias the lecstle
dicted variation for type 2 samples ' ' perturbathns are present and that their magnltudes are cal-
' culable using the models of Davies and Lafkito an accu-
continuous gate. The solid line drawn in Fig. 8 is as preJacy of better than-50%, provided that the correct screen-
dicted for a type 3 sample from the gate capacitance and is ithg terms are included.
reasonable agreement with experiment. This demonstrates
conclusively that there is no tendency for charge movement,
either on the surface of these LSSLs or in the donor layer,
under the action of the lateral electric field induced by the At positive gate bias, Figs. 3 and 4 both show that the
gates to screen their potential. For the type 2 samples on ttemplitude of the first harmonic of the perturbation begins to
other hand, the depletion data is strongly affected by thehange less rapidly than at negative gate bias and indeed to
presence of a low concentration of electrons in shallow statesaturate. This behavior is associated with a tendency for elec-
in the donor layer, which can be removed by the applicatiorirons to flood into shallow states in the donor region, and to
of bias and affect the rate of depletion. Around zero biasscreen the channel from the gate potential, so that the density
therefore the rate of depletion in these samples is much lowerf channel electrons generally does not increase greatly over
than the capacitance calculatiématched ling predicts. This  that present at zero bigsee Fig. 8 We believe that the
difference in behavior is also evident in the numerical valueseason for the saturation of the periodic potential is similar,
for dn/dV, given in Table I. Similar reductions in the rate of screening by electrons in the donor layer. However, this hy-
accumulation can of course be seen for all samples in pospothesis suffers from one immediate problem. As explained
tive bias, where electrons are induced in shallow states rounitt the preceding section, we have already included in our
the donors. analysis of the behavior of type 2 samples a measure of

D. Behavior at positive gate bias

TABLE I. The rate of variation of the mean carrier concentration and modulation potential with gate bias
for various samples on type 2 and type 3 layers compared with theory. Data taken in the limit of strong
negative bias. For theoretical models used, see text.

Sample Type Period dn/dV, dn/dV, dvy/dVvy  dV,/dV, dV;/dVy
(Expt) (Theory (Expt) (Theory (Theory
(screenel  (not screened
(nm  x10®mPv-l x108®miv!

1A 2 300 4.2 7.6 0.0075 0.011 0.055
1B 2 300 4.2 7.6 0.0065 0.011 0.055
2 2 200 2.2 7.6 0.0G4 0.0095 0.044
3A 2 200 7 7.6 0.00% 0.0095 0.044
3B 2 200 3.0 7.6 0.003 0.0095 0.044
4A 3 300 4.2 3.4 0.007 0.0019 0.015
4B 3 300 4.4 3.4 0.003 0.0019 0.015
5 3 300 4.1 3.4 0.0019 0.015

8Data taken from PMR step. For theoretical models used, see text.
bScreened and not screened refers to the effect of the doping layer.



1974 A. R. LONG et al. PRB 60

screening in the donor layer, treating the parasitic electronsontributions to the potential modulation, for three different
there as a 2DEG, which introduces a linear correction. Butayer structures and a wide range of superlattice periods.
experiment shows that the screening is increasing in effiSuch discrepancies between theory and experiment as are
ciency as one passes into positive bias. We believe that thill found, can be ascribed either to detailed differences in
reason for this is that our hypothesis that the donors screen &gyer properties, notably in screening by the donor layers, or
a 2DEG breaks down at positive bias due to the rapidly wid+o Jikely variations in strain in the gates, particularly at their
ening potential welland possibly also to some spreading of edges, which are likely to result from unavoidable fluctua-
the donor layer However, we do not have a quantitative tions in deposition conditions. The incorporation of inten-
theory for this behavior. In type 3 samples, a broad potentiafionally stressed layers in lateral superlattice samples is

well at the boundary of the dopant slab emerges naturally gfkely to offer a route to intense periodic modulations at short
positive bias® and this three-dimensional screening pictureperiods.

is the natural one to apply.
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