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Observation of densely populated Tamm states in modulation-doped superlattices
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We have observed densely populated surface-localized states~Tamm states! in doped lattice-matched
InP/InxGa12xAs superlattices. The formation of Tamm states is manifested in the Shubnikov–de Haas~SdH!
spectra in tilted magnetic fields. Along with SdH oscillations due to quasi-three-dimensional~3D! carriers,
which fill a superlattice miniband, SdH oscillations due to 2D carriers are seen. The 2D subband has an energy
threshold greater than the superlattice miniband, and it is associated with surface-localized states. Cyclotron
mass measurements and theoretical calculations of the electronic energy levels provide support for the
interpretation. The role of the surface-localized states in the transport properties of the superlattice is also
investigated.
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I. INTRODUCTION

Because of their finite size, even perfect crystals m
have energy levels within the energy gaps between the
lowed bands of energies of an ideal infinite crystal. The wa
functions associated with these energy levels are localize
the surfaces. Such states were first described by Tamm1 and
are known as ‘‘Tamm states,’’ or surface states. At real s
faces, the observation of pure Tamm states is difficult
cause of the complicated nature of the surfaces, where m
effects operate concurrently, leading to a single-particle
tential that is difficult to control and engineer. Superlattic
on the other hand, provide an ideal platform in which
study the effects of the surface upon the electronic prope
of solids, since precise control over the confining potentia
the boundaries of the superlattice material~the so-called ‘‘in-
ternal surface’’! is possible. Tamm states in undoped sup
lattices have been studied experimentally2–5 and
theoretically.6–11 The origin of the surface states can be u
derstood from a tight-binding approach. Whereas the s
band energy levels develop into a miniband when the c
pling between wells is switched on, the subband levels of
outer wells may remain nonresonant with the rest and c
tain localized states. Imposing some sort of perturbat
upon the system can be used to control the detachmen
energy of the outer wells, to produce surface-localized sta
Several perturbations near the internal surface have bee
tempted, such as different barrier height at the end than
rest of the potential barriers in the superlattice,2,8,9,7a differ-
ent well width,3 a d defect,11 etc. Indeed, it was in a per
turbed undoped superlattice that Tamm states were
observed,2,4 but much less attention has been paid to dop
superlattices. In this paper we demonstrate that in doped
perlattices Tamm states exist even if no intentional pertur
tion near the surface is employed. Moreover, in doped su
lattices Tamm states can be densely populated w
electrons, and we report their observation. The popula
Tamm states can affect the transport properties, which
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both fundamental and practical importance, and so we a
investigate this aspect.

We studied lattice-matched InxGa12xAs/InP modulation-
doped superlattices. The presence of Tamm states was
tected through Shubnikov–de Haas~SdH! spectra. In addi-
tion to a beating oscillatory magnetoresistance, an oscilla
component was detected at lower frequencies. The sourc
these oscillations was deduced from their behavior when
magnetic field was tilted relative to the axis of the superl
tice. The beating magneto-oscillatory component showe
behavior typical of quasi-three-dimensional carriers filling
superlattice miniband, whereas the component at lower
quencies is characteristic of electrons in two dimensio
~2D!. The cyclotron mass of the 2D electrons was dedu
from the thermal dependence of the SdH oscillations, and
value obtained shows that the 2D electrons are located in
InxGa12xAs layer. On the basis of a theoretical model for t
electronic energy levels in the superlattices, we demonst
that the 2D electrons belong to a Tamm state. The existe
of Tamm states in modulation-doped superlattices is a di
consequence of the inhomogeneous space charge prese
these systems, which causes bending of the energy b
near the boundaries of the superlattice.

II. EXPERIMENTAL

The superlattice structures, grown by low pressure me
organic vapor phase epitaxy~LP-MOVPE!, consisted of 16
InxGa12xAs wells of 50-Å width, separated by 15 InP barr
ers. All InP barriers wered doped with Si atoms at thei
center with a doping density about 431012cm22. The
samples were grown on a 75-nm-thick undoped InP bu
layer deposited on a semi-insulating InP substrate, and
minated with 30-nm undoped InP cap layer. X-ray diffra
tion was used to deduce the period of the structures. M
details on the growth procedure and on the structural ch
acterization of the samples are given in Ref. 12. Here
report measurements on two samples: No. 326, in which
thickness of the InP barriers is a 50 Å barrier, and No. 3
R13 369 ©2000 The American Physical Society
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TABLE I. Parameters of the samples studied. The Hall density,nH , and mobility,mH , were measured a
4.2 K. The sheet carrier density per period,nS , and the fundamental miniband width,DE1, were deduced
from the theoretical calculations.

Sample InP barrier nH mH nS DE1

thickness~Å! ~cm22) ~cm22/Vs! ~cm22) ~meV!

326 50 3.331012 6440 3.431012 23.2
331 40 3.431012 5460 3.631012 36.3
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in which the thickness of InP barriers is 40 Å. SdH spec
were measured using an 18 T superconducting magnet w
variable temperature insert. The sample holder had a
mechanism which allowed the adjustment of the tilt angleu
~the angle between the magnetic field direction and the
of the superlattice! with an accuracy of about62°. The SdH
data were expressed in reciprocal magnetic field, numeric
differentiated to suppress the monotonic background,
frequency analyzed by Fourier techniques. Low magn
field measurements of the Hall carrier concentration,nH ,
and Hall mobility,mH , were also performed at 4.2 K.

III. RESULTS AND DISCUSSION

The results of the Hall measurements are given in Tab
for both samples studied.

Figures 1~a! and 1~c! show the SdH spectra for th
samples as a function of the tilt angle. To reveal the dim
sionality of the carriers responsible for the SdH oscillatio
the Fourier amplitude was plotted against thereducedFou-
rier frequency~the product of the frequency and the cosine
the tilt angle!. Since 2D electrons only respond to the ma
netic field component normal to the plane of confineme
such a plot for 2D electrons will be independent of the
angle. However, due to the limited magnetic field intens
that can be reached~18 T in our experiments!, the amplitude
of the Fourier peak will decrease with increasingu, implying
that the Fourier spectra become noisier. Figures 1~b! and
1~d! show the Fourier amplitudes plotted against redu
frequency for the SdH spectra of Fig. 1~a! and Fig. 1~c!,
respectively. In Fig. 1 all Fourier curves were normalized
the same height. The spectra show a peak around 3
which is independent of the tilt angle, demonstrating
presence of 2D carriers in the samples. At higher redu
frequencies a doublet structure is seen, whose mean is
proximately independent of the tilt angle, but the separat
between the two peaks comprising the doublet oscillates w
u. This behavior is typical of carriers belonging to a sup
lattice miniband described by a Fermi surface with the sh
of a corrugated cylinder, with a cross-sectional area mo
lated along thekz direction.13 For u50, two extremal cyclo-
tron orbits perpendicular to the magnetic field direction
‘‘belly’’ and a ‘‘neck,’’ contribute with separate frequencie
to the SdH oscillations. Whenu is increased, the mea
k-space area enclosed by both extremal orbits incre
roughly as;1/cosu, but at certain tilt angles the extrem
areas collapse into a single value,14 and only a single SdH
frequency can be observed.

The peak positions in the Fourier spectra in Figs. 1~b!,~d!
are plotted in Fig. 2. The full curves in Fig. 2 were calculat
by solving the Schro¨dinger and Poisson equations se
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consistently for an infinite superlattice, i.e., the sing
particle confining potential for electrons was assumed p
odic and the Bloch theorem was used.15 The carrier and
dopant densities were assumed equal and used as an a
able parameter to fit the experimental peak frequency va
of the doublet structure described above. The carrier den
obtained is given in Table I. The best fit, shown by fu

FIG. 1. ~a! Angle dependence of the Shubnikov–de Haas sp
trum for sample 326. The tilt angle corresponding to each curv
indicated.~b! Reduced frequency plot of the Fourier transform
the oscillations shown in~a!. ~c! same as~a! but for sample 331.~d!
Reduced frequency plot of the Fourier transform of the oscillatio
shown in~c!.
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curves in Figs. 2~a! and 2~b!, is in good agreement with th
experimental values, demonstrating that the doublet struc
is associated with carriers characteristic of an infinite sup
lattice. The calculations also yielded the energy width of
fundamental miniband~given in Table I! and show that the
miniband dispersion in sample 331 is greater than in sam
326; this is due to the narrower InP barrier in the former

However, the infinite superlattice model does not pred
the SdH oscillations of frequency about 35T@see Figs. 1~b!
and 1~d!# for both samples, which is due to 2D carriers. T
provide support for the hypothesis that the 2D carriers
cupy a surface-localized state, their cyclotron mass was
mated from the temperature dependence of the SdH osc
tions atu50. For both samples, the cyclotron mass obtain
is 0.05760.0005 in units of the free electron mass. Th
value is typical of electrons confined in 40–50
InxGa12xAs/InP quantum wells,16 showing that in our
samples the 2D electrons are localized mostly in
InxGa12xAs layer.

The Schro¨dinger and Poisson equations were also sol
for a superlattice containing a finite number of periods, us
the same number of layers and layer widths as the
samples, and also using the carrier density estimated f
the infinite superlattice model~see Table I!. Figure 3~a!
shows the self-consistent potential profile obtained and
3~b! shows the associated density of states~full line! for
sample No. 326. In both figures the origin of the energy sc
was chosen at the Fermi level. Also depicted in Fig. 3~b! is
the density of states calculated for the infinite superlat
~dashed line!. The fundamental miniband dispersion and
population in both models are in approximate agreem
However, for the finite superlattice a localized state appe
at an energy about halfway between the fundamental and
excited miniband, but well below the Fermi level. The env
lope wave function associated with this midgap state, plo
in Fig. 3~a! by the thick curve, describes electrons that a
localized in the InxGa12xAs layers at the edges of the supe
lattice. This is consistent with the measured value of
cyclotron mass of the 2D carriers, which locates them in

FIG. 2. ~a! Angle dependence of the peak positions detected
the reduced frequency plot of the Fourier transform of the S
oscillations for sample 326. The height of the error bars is equa
the halfwidth of the Fourier bands. Solid lines are theoretical val
for the infinite superlattice model. Dotted line is the theoreti
value for the contribution from surface-localized electrons, as
duced from a theory for the finite superlattice.~b! Same as in~a! but
for sample 331.
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InxGa12xAs layer. The finite superlattice model also yielde
the theoretical frequency of magnetoresistance oscillati
associated with the electrons in the Tamm state in b
samples, shown in Fig. 2 by the dashed lines, which ag
approximately with the experimental values. The small d
crepancy between theory and experiment could be due
effects of nonparabolicity and interface nonabruptness,
tors that were not taken into account in the calculations.

The Tamm states in doped superlattices arise becaus
the energy band bending effect, which raises the wells at
edges of the finite superlattice above the rest of the wells
can be seen in Fig. 3~a!. The amount to which the wells a
the edges are raised depends on the doping level. Fo
intrinsic superlattice, no localized state exists. With incre
ing doping the outer wells are pushed upward giving rise
a localized state whose energy increases. The shift of
Tamm state upward implies that its distance from the Fe
level changes more slowly than the same distance for
superlattice miniband. Our model calculations show th

n

to
s
l
-

FIG. 3. ~a! Self-consistent potential for sample 326. Fundame
tal minibandE1 is indicated by the shaded area. The thick li
shows the charge distribution in the Tamm states.~b! Density of
states~DOS! in the superlattice. Dashed line is the DOS obtain
from the infinite superlattice model. Full line represents DOS
the finite superlattice; this curve was displaced vertically for clar
The step in the DOS at the energy of the Tamm state is indica
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whereas the Fermi level departs from the bottom of the f
damental miniband at a rate of about 12 meV for ev
1012cm22 of doping atoms introduced into the InP barrie
the distance from the Fermi level to the Tamm states
creases by only 7.3 meV. Thus, the population of the Tam
state is much less sensitive to the doping concentration
the population of the superlattice minibands.

The ratio between the frequencies of magnetoresista
oscillations associated with Tamm and with miniband el
trons is roughly independent of the number of wells in t
structure,N. However, the relative part of the Tamm ele
trons in the absolute zero-field conductivity parallel to t
layers decreases withN. Since the frequency of oscillatio
associated with Tamm electrons is about half of the f
quency associated with electrons in the bulk of the supe
tice, each Tamm state will hold about half the number
electrons accommodated by each of the wells in the b
Taking into account that there are two equivalent Tam
states, one for each end of the superlattice, the total am
of electrons in the bulk of the superlattice is aboutN times
ys
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greater than the density of electrons confined at the surfa
Assuming that electrons in all states have a similar mobil
the surface-localized state will contribute with a fractio
;1/N of the total conductivity, which in our samples (N
516) is only about 6%.17

In summary, we showed that in modulation-doped sup
lattices densely populated Tamm states arise due to the
ergy band bending effect. The energy of the Tamm subb
can be tuned through the doping density, but its populatio
relatively insensitive to this parameter. At the doping lev
(;1012 cm22) used in this work, the Tamm states give
major contribution to the SdH spectrum, whose amplitu
should decrease with the number of wells in the structu
but whose frequency is independent ofN.
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