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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 st@gasm statesin doped lattice-matched
InP/In,Ga, _,As superlattices. The formation of Tamm states is manifested in the Shubnikov—déSdiahs
spectra in tilted magnetic fields. Along with SdH oscillations due to quasi-three-dimen$&jatarriers,
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.

I. INTRODUCTION both fundamental and practical importance, and so we also
investigate this aspect.

Because of their finite size, even perfect crystals may We studied lattice-matched /& As/InP modulation-
have energy levels within the energy gaps between the adoped superlattices. The presence of Tamm states was de-
lowed bands of energies of an ideal infinite crystal. The wavd€cted through Shubnikov—de HaeésdH spectra. In addi-
functions associated with these energy levels are localized fipntoa beating oscillatory magnetoresistance, an oscillatory

the surfaces. Such states were first described by Teama component was detected at lower frequencies. The source for

are known as “Tamm states,” or surface states. At real syrthese oscillations was deduced from their behavior when the
magnetic field was tilted relative to the axis of the superlat-

faces, the observation of pure Tamm states is difficult be-. e The beating maaneto-oscillatory component showed a
cause of the complicated nature of the surfaces, where marﬁ? ' 9 9 y P

effects operate concurrently, leading to a single-particle pOéSh:x:aot:i(t:)(/aplrfw?rllig;r?cljja\?\;ﬁgrr:;;d;rr?eezzlrzn?)lnceirt”gtrsl‘c)fw:enrgfrae-
tential that is difficult to control and engineer. Superlattices, P ’ P

on the other hand, provide an ideal platform in which tc)quencies is characteristic of electrons in two dimensions
study the effects of the surface upon the electronic propertie%rzol?%' t;g?hgﬁl](;rgg gr?(i:n%fetzl?tﬁg Se(jlzcgggiﬁa\?ilgisdz(:]léct?%
of solids, since precise control over the confining potential a . P P

the boundaries of the superlattice matefiae so-called “in- value obtained shows that the 2D electrons are located in an
ternal surface) is possible. Tamm states in undoped super—lnXGalﬂﬁAS layer. On the_ba5|s ofa theo_ret|cal model for the
lattices have been studied experimentafly and electronic energy levels in the superlattices, we demonstrate
theoretically®~1! The origin of the surface states can be un-that the 2D electrons belong to a Tamm state. The existence
derstood frdm a tight-binding approach. Whereas the Subc_)f Tamm states in modulation-doped superlattices is a direct

band energy levels develop into a miniband when the coutonsequence of the inhomogeneous space charge present in

pling between wells is switched on, the subband levels of théhese systems, V\.’h'Ch causes bend_mg of the energy bands
outer wells may remain nonresonant with the rest and con €& the boundaries of the superlattice.

tain localized states. Imposing some sort of perturbatior_1 Il EXPERIMENTAL

upon the system can be used to control the detachment in

energy of the outer wells, to produce surface-localized states. The superlattice structures, grown by low pressure metal-
Several perturbations near the internal surface have been airganic vapor phase epitaxi.P-MOVPE), consisted of 16
tempted, such as different barrier height at the end than thim,Ga, _,As wells of 50-A width, separated by 15 InP barri-
rest of the potential barriers in the superlatfi®e;” a differ-  ers. All InP barriers wereS doped with Si atoms at their
ent well width® a & defect!! etc. Indeed, it was in a per- center with a doping density aboutx4L0'?cm 2. The
turbed undoped superlattice that Tamm states were firgamples were grown on a 75-nm-thick undoped InP buffer
observed:* but much less attention has been paid to dopedayer deposited on a semi-insulating InP substrate, and ter-
superlattices. In this paper we demonstrate that in doped swrinated with 30-nm undoped InP cap layer. X-ray diffrac-
perlattices Tamm states exist even if no intentional perturbation was used to deduce the period of the structures. More
tion near the surface is employed. Moreover, in doped supedetails on the growth procedure and on the structural char-
lattices Tamm states can be densely populated witkacterization of the samples are given in Ref. 12. Here we
electrons, and we report their observation. The populatedeport measurements on two samples: No. 326, in which the
Tamm states can affect the transport properties, which hakickness of the InP barriers is a 50 A barrier, and No. 331,
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TABLE |. Parameters of the samples studied. The Hall densjty,and mobility, ., , were measured at
4.2 K. The sheet carrier density per period,, and the fundamental miniband widthg;, were deduced
from the theoretical calculations.

Sample InP barrier Ny yrm Ng Agq
thickness(A) (cm™?) (cm~2/Vs) (cm™?) (meV)

326 50 3.%10% 6440 3.4<10'? 23.2
331 40 3.410% 5460 3.6<10? 36.3

in which the thickness of InP barriers is 40 A. SdH spectraconsistently for an infinite superlattice, i.e., the single-
were measured using an 18 T superconducting magnet withgarticle confining potential for electrons was assumed peri-
variable temperature insert. The sample holder had a geadic and the Bloch theorem was usedThe carrier and
mechanism which allowed the adjustment of the tilt angle dopant densities were assumed equal and used as an adjust-
(the angle between the magnetic field direction and the axiable parameter to fit the experimental peak frequency values
of the superlatticewith an accuracy of about2°. The SdH  of the doublet structure described above. The carrier density
data were expressed in reciprocal magnetic field, numericallgbtained is given in Table I. The best fit, shown by full
differentiated to suppress the monotonic background, and

frequency analyzed by Fourier techniques. Low magnetic

field measurements of the Hall carrier concentratiog, (8] (b)

and Hall mobility, 1., , were also performed at 4.2 K. g;o—'w WAV
I z __/L‘A//&/\ 5]
: | 505 —
Ill. RESULTS AND DISCUSSION § /—~475m § %525_
T T o
. . . N 475
The results of the Hall measurements are given in Table |2 “® 25—~ 2 %‘m_
for both samples studied. Efo—— N = %gﬁ_—
Figures 1a) and_ () shovy the SdH spectra for .the 8 [0 s = AN 375
samples as a function of the tilt angle. To reveal the d|men—_§ —;32'5—“’“/\/\/, ..E _/\_/L/\SE;
sionality of the carriers responsible for the SdH oscillations, ¥ [ w5 o~/ = 3‘3;
the Fourier amplitude was plotted against teducedFou- - vt/ B 25—
rier frequency(the product of the frequency and the cosine of € f—au___’_—-——f:/\/\/\/\ 5 ol
the tilt anglg. Since 2D electrons only respond to the mag- & [Tw o ] g 175
netic field component normal to the plane of confinement, g fm 2 %0—
such a plot for 2D electrons will be independent of the tilt [ — 0 ——r o~ _M\'_j:

angle. However, due to the limited magnetic field intensity

5 10 15 0 50 100 150
that can be reachgd8 T in our experimenjsthe amplitude magnetic field (T) reduced frequency (T)
of the Fourier peak will decrease with increasgmplying

that the Fourier spectra become noisier. Figur@® and (c) (d)

1(d) show the Fourier amplitudes plotted against reduced /’—so
frequency for the SdH spectra of Fig(al and Fig. 1c), — /’5;575
respectively. In Fig. 1 all Fourier curves were normalized to -2 [
the same height. The spectra show a peak around 35 15 //?5—50 A
which is independent of the tilt angle, demonstrating the _; s

presence of 2D carriers in the samples. At higher reducecg /]
frequencies a doublet structure is seen, whose mean is a[:: ﬁ;———v«\/\
proximately independent of the tilt angle, but the separation g gﬁiﬂ
between the two peaks comprising the doublet oscillates witr-E /w—‘_j:%
6. This behavior is typical of carriers belonging to a super-- /_’:_2;27‘5 Y
lattice miniband described by a Fermi surface with the shape £ /22.5———-—'\/\//
of a corrugated cylinder, with a cross-sectional area modu-
lated along the, direction® For =0, two extremal cyclo- gl
tron orbits perpendicular to the magnetic field direction, a /-5——""’"\/\//\, _/\/\/\‘_5_
“belly” and a “neck,” contribute with separate frequencies T A B

to the SdH oscillations. Wher is increased, the mean
k-space area enclosed by both extremal orbits increases

roughly as~1/cos6, but at certain tilt angles the extremal g, 1. (a) Angle dependence of the Shubnikov—de Haas spec-

areas collapse into a single valtfeand only a single SdH trum for sample 326. The tilt angle corresponding to each curve is

frequency can be observed. indicated.(b) Reduced frequency plot of the Fourier transform of
The peak positions in the Fourier spectra in Figh),{d)  the oscillations shown ife). (c) same asa) but for sample 331(d)

are plotted in Fig. 2. The full curves in Fig. 2 were calculatedReduced frequency plot of the Fourier transform of the oscillations

by solving the Schrdinger and Poisson equations self- shown in(c).

esi
Fourier amplitude {arb. units)

magneto
\1\

5 10 15 0 50 100 150
magnetic field (T) reduced frequency (T)
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FIG. 2. (a) Angle dependence of the peak positions detected in
the reduced frequency plot of the Fourier transform of the SdH 0.004
oscillations for sample 326. The height of the error bars is equal to (b)
the halfwidth of the Fourier bands. Solid lines are theoretical values T L
for the infinite superlattice model. Dotted line is the theoretical amm state o
value for the contribution from surface-localized electrons, as de- 0.003— o . —l /
duced from a theory for the finite superlatti¢e) Same as irfa) but — superlattice /I
for sample 331. o \ '
]
curves in Figs. @) and 2b), is in good agreement with the = gegob= [ r--""mmmmmooee- n

experimental values, demonstrating that the doublet structure T
is associated with carriers characteristic of an infinite super-
lattice. The calculations also yielded the energy width of the ~~
fundamental minibandgiven in Table ) and show that the 8 0.001
miniband dispersion in sample 331 is greater than in sample ©
326; this is due to the narrower InP barrier in the former.
However, the infinite superlattice model does not predict
the SdH oscillations of frequency about 3E8ee Figs. (b)
and Xd)] for both samples, which is due to 2D carriers. To -0.15 0.1 -0.05 0.0
provide support for the hypothesis that the 2D carriers oc- ener (eV)
cupy a surface-localized state, their cyclotron mass was esti- gy
r_nated from the temperature dependence of the SdH osqlla- FIG. 3. (a) Self-consistent potential for sample 326. Fundamen-
.tIOHS atg=0. For t_’Oth S'amples, the cyclotron mass Obta'n_eqal minibandE1 is indicated by the shaded area. The thick line
is 0.057-0.0005 in units of the free electron mass. Thisgpgys the charge distribution in the Tamm statés.Density of
value is typical of electrons confined in 40-50 states(DOS) in the superlattice. Dashed line is the DOS obtained
In,Ga,_,As/InP quantum wells® showing that in our from the infinite superlattice model. Full line represents DOS for
samples the 2D electrons are localized mostly in annhe finite superlattice; this curve was displaced vertically for clarity.
In,Ga _,As layer. The step in the DOS at the energy of the Tamm state is indicated.
The Schrdinger and Poisson equations were also solved
for a superlattice containing a finite number of periods, usingn,Ga, _,As layer. The finite superlattice model also yielded
the same number of layers and layer widths as the reahe theoretical frequency of magnetoresistance oscillations
samples, and also using the carrier density estimated fromssociated with the electrons in the Tamm state in both
the infinite superlattice modelsee Table ). Figure 3a) samples, shown in Fig. 2 by the dashed lines, which agree
shows the self-consistent potential profile obtained and Figapproximately with the experimental values. The small dis-
3(b) shows the associated density of statkdl line) for  crepancy between theory and experiment could be due to
sample No. 326. In both figures the origin of the energy scaleffects of nonparabolicity and interface nonabruptness, fac-
was chosen at the Fermi level. Also depicted in Fign)3s  tors that were not taken into account in the calculations.
the density of states calculated for the infinite superlattice The Tamm states in doped superlattices arise because of
(dashed ling The fundamental miniband dispersion and itsthe energy band bending effect, which raises the wells at the
population in both models are in approximate agreementedges of the finite superlattice above the rest of the wells, as
However, for the finite superlattice a localized state appeargan be seen in Fig.(8). The amount to which the wells at
at an energy about halfway between the fundamental and thtee edges are raised depends on the doping level. For an
excited miniband, but well below the Fermi level. The enve-intrinsic superlattice, no localized state exists. With increas-
lope wave function associated with this midgap state, plotteihg doping the outer wells are pushed upward giving rise to
in Fig. 3(a by the thick curve, describes electrons that area localized state whose energy increases. The shift of the
localized in the InGa _,As layers at the edges of the super- Tamm state upward implies that its distance from the Fermi
lattice. This is consistent with the measured value of thdevel changes more slowly than the same distance for the
cyclotron mass of the 2D carriers, which locates them in arsuperlattice miniband. Our model calculations show that,
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whereas the Fermi level departs from the bottom of the fungreater than the density of electrons confined at the surfaces.
damental miniband at a rate of about 12 meV for everyAssuming that electrons in all states have a similar mobility,
10'2cm 2 of doping atoms introduced into the InP barriers, the surface-localized state will contribute with a fraction
the distance from the Fermi level to the Tamm states in—1/N of the total conductivity, which in our sampled (
creases by only 7.3 meV. Thus, the population of the Tamm= 16) is only about 6%/

state is much less sensitive to the doping concentration than |n summary, we showed that in modulation-doped super-
the population of the superlattice minibands. lattices densely populated Tamm states arise due to the en-
The ratio between the frequencies of magnetoresistancgrgy band bending effect. The energy of the Tamm subband
oscillations associated with Tamm and with miniband electan be tuned through the doping density, but its population is
trons is roughly independent of the number of wells in therelatively insensitive to this parameter. At the doping levels
structure,N. However, the relative part of the Tamm elec- (~10'2 cm™2) used in this work, the Tamm states give a
trons in the absolute zero-field conductivity parallel to themajor contribution to the SdH spectrum, whose amplitude

layers decreases with. Since the frequency of oscillation should decrease with the number of wells in the structure,
associated with Tamm electrons is about half of the fre-but whose frequency is independentmf

guency associated with electrons in the bulk of the superlat-
tice, each Tamm state will hold about half the number of
electrons accommodated by each of the wells in the bulk.
Taking into account that there are two equivalent Tamm
states, one for each end of the superlattice, the total amount This work was supported by the government agencies
of electrons in the bulk of the superlattice is abdutimes  CNPq, FAPESP, and CAPES.
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