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Resonant spectroscopy of electric-field-induced superlattices
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A system of interdigital gates is used to create a periodic potential profile in a multilayer
heterostructure. The electrostatic problem for the spatial distribution of the potential is solved and
experimentally examined by measurements of current–voltage characteristics of resonant-tunnelling
diodes embedded in the depletion region of the Schottky contact. It is shown that the position of the
resonant peak voltage is sensitive to the spatial potential distribution and that with appropriate
parameters of the heterostructure the sensitivity of the gates can be considerably enhanced.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1392956#
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I. INTRODUCTION

In the past few years the use of gates with a spec
design has attracted a wide interest in the study of one-
zero-dimensional electron systems. Electrically biased g
allow lateral potentials to be precisely controlled and, a
result, the potential profile of the structures can be delib
ately changed. It has been previously demonstrated th
particularly fruitful method of investigating one-dimension
phenomena in electronic transport is the ‘‘electrosta
squeezing’’ of a 2DEG in the heterojunction. This squeez
is produced by a split gate configuration that provides a p
gressive narrowing of the width of the 2DEG.1,2 The forma-
tion of a semiconductor dot in an inverted GaAs/AlGa
heterostructure has also been reported in which electros
gates were used to confine and adjust the density of a
dimensional electron gas.3 A direct manifestation of the
quantum confinement of electrons in a three-termi
resonant-tunnelling diode in which the effective lateral
mension may be varied using a gate electrode has been
onstrated in Ref. 4. A system of interdigitated gates produ
on heterostructure surfaces has been successfully empl
both in applications~for instance, in improving infrared pho
todetector parameters5! and in fundamental studies~for in-
stance, in a comprehensive study of a quantum wire a
produced by controllable lateral potentials6!. A possibility for
a precise control of the potential amplitude as well as of
lateral potential distribution is interesting both from the p
spective of fundamental physics, and also because of
potential for device applications, particularly in the develo
ment of a new kind of switcher. Despite this, surprising
little is known about the detailed profile of the electrosta
potential. Moreover, in all previous papers the appearanc
a periodic potential distribution has been discussed qua
tively.

a!On leave from the Institute of Semiconductor Physics, NASU, 03028 K
Ukraine.
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Here we present a theoretical investigation of the fact
influencing the shape and magnitude of the periodic poten
distribution arising in realistic heterostructures. We solve
electrostatic problem in an analytical form that allows a c
culation of the spatial distribution of the potential and giv
reasonable constraints on the permitted models of pote
superlattices. The numerical solution with actual device
rameters is in good agreement with the experimental dat

II. EXPERIMENT

The experimental verification for the formation of a p
riodic potential profile was performed with the curren
voltage characteristics of a resonant-tunnelling diode~RTD!
embedded in a depletion region of a Schottky contact. A
view of the device is given in Fig. 1. The upper electrod
were placed on the surface of the heterostructure in the f
of two interdigital gates. Each fingergate consists of 20
strips which are 20mm long andb mm wide (b50.5, 0.7, 1
mm!. The distance between the gates,a, was varied from 0.5
to 1 mm. The electrodes represent the Schottky contact
the multilayer heterostructure with the barrier heightf0 .
The heterostructure used for the measurements was grow
molecular-beam epitaxy~MBE! on ~100! n1-GaAs substrate.
Growth was initiated with 200 nmn1-GaAs (n51
31018cm3) and 100 nm undoped GaAs spacer layers f
lowed by 2 nm AlAs–4 nm GaAs–2 nm AlAs double barri
structure. An undoped GaAs layer serving as a capping la
was varied from 40 to 100 nm width in different device
Current–voltage characteristics were measured with
HP4145B semiconductor parameter analyzer operated
transistor mode~common-drain configuration!. All measure-
ments were conducted at room temperature.

III. ELECTROSTATIC PROFILE MODELLING

Let us assume that one upper electrode is groundedU
50) while the second one serves as a gate (U5Ug). Both
electrodes are located in the planey5h ~Fig. 1!. The double-
barrier resonant-tunnelling structure is placed in the plany
,

7 © 2001 American Institute of Physics
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5y0 and is used as a spectroscopic probe for potential di
bution. The width of the RTD is assumed to be small w
respect to the total width of the heterostructure,h. The en-
ergy of the ground quasibound state of the quantum w
~QW! is determined by parameters of the RTD, but be
calculated from the QW bottom@i.e., from the potential
U(x,y) in the planey5y0# it should be very sensitive to th
potential distribution. In Fig. 2 the potential profile of th
heterostructure along the growth direction is schematic
depicted. If the bottom electrode~substrate! is biased by an
external voltageVs , its potential relative to the ground wil

FIG. 1. Top view of the experimental device.
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be Us5eVs1f0 . The voltage applied between two upp
electrodes~which corresponds to the gate electrode be
charged with the potentialUg! leads to the formation of a
spatially nonuniform potential distribution in the plane~x, y!.
In this case the spatial distribution of the potentialU(x,y)
will be derived by a solution of the Laplace equation

DU~x,y!50 ~1!

with the boundary conditions

FIG. 2. Schematic cross-sectional diagram of the potential profile of
heterostructure along the growth direction~m and f0 are emitter Fermi
energy and the Schottky barrier height, respectively! at different voltages
applied to the substrate,Vs : ~a! Vs50 V, ~b! Vs5Vsr . For the sake of
simplicity we assume a linear voltage drop throughout the structure.
U~x,0!5Us , ~2!

U~x,h!5H Ug for 20.5b12n~a1b!<x<0.5b12n~a1b!,

0 for 20.5b1~2n11!~a1b!<x<0.5b1~2n11!~a1b!,
~3!
-

ces
er-

ice

rly
f the
c-

the
-

de-
at a
on-
wheren50,61,62,..., 6N, and the total amount of strip
equals 2(2N11). We can use this procedure because
undoped semiconductor layer fills the space between
electrodes.

The solution of Eqs.~1!–~3! can be found by using the
results described in the Appendix where the solution of
auxiliary problem connected with searching the tw
dimensional distribution ofUa(x,y;v0 ,vh ;a) for the area
confined by the planey50 with potentialv0 and by two
semi-infinite planesy5h, x>1a/2 and y5h, x<2a/2,
whose potentials are2vh and 1vh , respectively, is given.
The result can be represented as follows:

U~x,y;Us ,Ug ;b;a!

5 (
n52N

N H UaFx2S 2n2
1

2D ~a1b!,y;
v0

2~2N11!
,

2
1

2
vh ;aG1UaFx2S 2n1

1

2D ~a1b!,y;
v0

2~2N11!
,

1
1

2
vh ;aG J . ~4!
e
e

e
-

Spatial distribution of the potential calculated using Eq.~4!
is shown in Fig. 3~a!. The following parameters of the struc
ture were used: a5b50.53mm, h50.148mm, y0

50.108mm, Vg55 V, Vs522 V. The potential profile at
y5y0 is depicted by the bold curve. Figure 3~b! shows the
cross sections of the calculated surface for different distan
from the top electrodes. The formation of a potential sup
lattice is clearly seen.

IV. RESULTS AND DISCUSSION

Figure 4 shows the current–voltage curve of the dev
at a negatively biased substrate andVg50. A resonance peak
in the current–voltage characteristics at around 1 V is clea
observable. The resonance occurs when the energies o
injected electrons from the emitter align with the lowest ele
tron level in the QW. In our case, the energy of this levelEr

is calculated to be 183 meV. The electron states inside
QW are two dimensional. IfVgÞ0, the spatial potential dis
tribution beneath the fingergates becomes modulated as
scribed above. Thus, a lateral confinement arises and
certain gate voltage a renormalization of the effective c
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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finement potential can transform a two-dimensional QW i
a one-dimensional quantum wire array. Simultaneously
spatial potential distribution will block the lateral curren
Thus, we can consider the current measured as an inte
over the various laterally confined RTDs. We can expect t
the position of the resonant peak should be very sensitiv
these transforms. Actually, the voltage at which the re
nance occurs can be found from

eVsr52@f01U~0,y0 ,Us ,Ug ,a,b!1Er #, ~5!

whereU(0,y0 ,Us ,Ug ,a,b) is the solution of Eq.~4! in the
point of the heterostructure with coordinates~0, y0), i.e., in
the middle of the QW just below the center of the ground
electrode. An approximation of the numerical solution of E
~5! should be given as follows:

eVsr52~f010.2508!1eVg exp~212.5a0.77!. ~6!

FIG. 3. ~a! Spatial potential distribution calculated using Eq.~4!. The bold
curve corresponds to the position of the electrostatic probe:Vg55 V, Vs

522 V ~b! Cross sections of the calculated surface for different distan
from the bottom electrode.

FIG. 4. Current–voltage curve of the device at negatively biased subs
andVg50. Inset: Enlarged picture of theI –V curve at different gate volt-
ages taken in the proximity of the resonance peak.
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Here we used the following data:h50.148mm, y0

50.108mm, Er5183 meV. The values ofa, b, andVg were
varied:23 V<Vg<3 V, 0.05mm<a,b<1 mm.

In Fig. 5 we present the results of the calculation ofVsr

performed forf050.7447 eV anda5b50.53mm. Experi-
mental data~circles in Fig. 5! is taken from theI –V curves
measured at different gate voltages~see inset in Fig. 4! fairly
consistent with the potential profile modelling. It can be se
from Fig. 5 that for this particular device the resonance pe
voltageVsr manifests too weak a dependence onVg . Note,
however, that the effect is very sensitive with respect to
splitting between the upper electrodes and a deviation of
value of just 20% leads to a huge change. For comparison
Fig. 5 purpose we plotted two dependencesVsr5 f (Vg) cal-
culated for two different values ofa ~0.4mm and 0.66mm!
and assuming the other parameters are unchanged. Th
sults show that appropriate parameters of the heterostruc
and gate design can lead to a considerable effect. Ind
looking at Fig. 6~a! we can see a considerable amplificati
of the effect if one takes spacing between the gates whic
three, five or ten times less than the experimental device.
shape and the amplitude of the potential modulation a
undergoes visible changes under these manipulations. T
are clearly seen in Fig. 6~b! where the potential profile
U(x,y0 ; Us ,Ug ; ~a! ~b! is plotted as a function of the nor
malized coordinatex/a. There are two important conse
quences that follow from the above-mentioned simulati
First, if we wish to obtain a strong dependenceVsr

5 f (Vg), we have to decrease the spacing between the g
The situation is very promising for the development of a n
kind of electronic switcher. The second consequence con
in the possibility of controlling a lateral potential confine
ment. To exploit this possibility we should place the elect
static probe~in our case a double-barrier structure! closer to
the fingergates. This could introduce new aspects of
physics of potential superlattices.

V. CONCLUSIONS

We used the system of interlocked gates fabricated
the surface of a heterostructure to produce a periodic po
tial distribution in its depth. The theoretical analysis allow
an investigation of different factors influencing the shape a
the magnitude of the periodic potential distribution.

s

te

FIG. 5. Dependences ofVsr versusVg calculated for different spacing be
tween gates. Circles represent experimental data.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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double-barrier resonant-tunnelling structure placed in
depletion region of a Schottky contact was used as a s
troscopic probe for a potential distribution. The shift of t
resonance peak of theI –V curve observed in the experime
was fairly consistent with the potential profile modellin
Our results demonstrate that with appropriate parameter
the heterostructure and gate design the effect could be
hanced considerably. This could be used in a new kind
electronic switcher based on the resonance tunnelling ef
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APPENDIX: ELECTROSTATIC POTENTIAL IN A
PLANE-PARALLEL THREE-GATE SYSTEM

Let us determine the potential distributio
Ua(x,y;v0 ,vh ;a) in the space confined by the planey50
with the potentialv0 , and by two semi-infinite planesy
5h, x>a/2 andy5h, x<2a/2, whose potentials are2vh

and 1vh , respectively. We consider the potential to be d
termined in the plane by a complex variablez5x1 iy and
perform the conform transformation to the variablew15u1

1 iv1 in the following manner:7

z5hS w11A•tanh
pw1

2 D , ~A1!

whereA is a constant that to be determined. With respec
the variablesx andy the transform~A1! has the form

FIG. 6. ~a! Dependences ofVsr versusVg calculated for spacing betwee
gates equal to 53 nm, 106 nm, and 159 nm.~b! Lateral potential distribution
calculated for different spacing between gates as a function of the red
coordinatex/a and taken at the position of the electrostatic probe.
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x5hS u11A•
sinhpu1

coshpu11cospv1
D , ~A2a!

y5hS v11A•
sinpv1

coshpu11cospv1
D . ~A2b!

It follows from ~A2b! that y50 atv150 and, consequently
v150 determines the plane where the potentialv0 is given.
If v151, theny5h and

x5hS u11A•coth
pu1

2 D . ~A3!

It is seen that the solution of Eq.~A3! at u1>0 exists only in
the interval of valuesx>xm wherexm5x(um) and um cor-
responds to the minimum of the right-hand part of Eq.~A3!
and is determined by the ratio

A5
2

p
sinh2

pum

2
. ~A4!

Analogously, atu1<0 a solution of Eq.~A3! exists in the
interval of valuesx<2xm . Let us assumexm5a/2, then the
constantA can be determined from Eq.~A4!. In this caseum

is determined by

a5
2

p
h~pum1sinhpum!. ~A5!

Thus, as a result of the conform transformationz°w1 that
has been performed the half-planey5h, x>a/2 transforms
into the areav151, u1>0 where the potential2vh is given,
the half-planey5h, x<2a/2 transforms into the areav1

51, u1<0 with the potential1vh , and, finally, the plane
y50 transforms into the areav150 with the potentialv0 .

Next conform transformation

w21u21 iv25exp~pw1! ~A6!

translates the band 0<v1<1 onto the real axisv250 in
such a manner that on the real axis of the planew2 the
potential is given by the function

Ua~u2!5H 2v0 , u2<21,

1v0 , 21<u2<0,

vh , u2>0.

~A7!

We are interested in the potential distribution in the planz
within the interval of values 0<y<h that corresponds to the
interval 0<v1<1 in the planew1 and to the intervalv2

>0 in the planew2 . According to these definitions the so
lution of the Laplace equation for the upper half-planew2 at
a certain potential distribution along the real axisU(u2) @Eq.
~A7!# is given by Poisson’s integral

Ua~w2!5
1

p E
2`

1` Ua~ t !v2 dt

~ t2u2!21v2
2

5
1

p F ~vh2v0!S p

2
1arctan

u2

v2
D12v0 arctan

11u2

v2
G .

~A8!

Translation to the coordinatesu1 , v1 can be done with the
help of Eq.~A6! and the ratios
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u2

v2
5cotpv1 , v25sinpv1 exp~pu1!. ~A9!

Finally, u1 , v1 are expressed byx,y using the system o
equations~A2!.

Thus, the calculation of the functionUa(x,y) based on
Eqs. ~A2!, ~A8!, and ~A9! determines the solution of th
auxiliary problem connected with searching the distribut
of Ua(x,y;v0 ,vh ;a).
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