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One-dimensional character of miniband transport in doped GaAs/AlAs superlattices
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~Received 11 March 1997!

Evidence of the crucial role of random fluctuations of the well size in vertical transport in doped GaAs/AlAs
superlattices with broad minibands has been obtained by both Fourier-transform reflection spectroscopy and
C-V measurements. It turned out that even monolayer fluctuations of the periodicity, or random fluctuations of
the impurity potentials, which are unavoidable, can cause a partial localization of electrons providing one-
dimensional conducting channels where the periodicity is conserved, and through which the electron transport
across the superlattice would occur. This was found to be the reason why, instead of the constant vertical
conductivity ~independent of the electron density! predicted by the theory to occur when the Fermi energy
exceeds the miniband width, a drop of the conductivity giving a metal-to-dielectric phase transition was
observed.@S0163-1829~97!01731-1#
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I. INTRODUCTION

Since the first proposal of semiconductor superlatti
~SL’s! consisting of periodic alteration of two compounds1

they have been extensively studied from different points
view. Transport properties of electrons in SL’s attract
much attention because of the predicted negative differen
conductance~NDC! ~Ref. 1! and Bloch oscillations;2 both
have been shown to occur due to the miniband characte
the electron transport, or, more explicitly, due to the fin
miniband width. However, in the earliest presentation
NDC,3 it was established that it is not the miniband effe
but the high-electric-field domains arising due to fluctuatio
of the electron potential of a SL that are responsible for
observed effect. This showed the importance of the elec
potential fluctuations influencing the character of the verti
~perpendicular to the layers! transport in a SL. Later, the
electric-field-induced localization of the electron wave fun
tions ~the Wannier-Stark effect! has been found to be a
additional reason for NDC.4,5 Both observations presente
the influence of the external electric field on the characte
vertical transport, when the electric field applied to a sam
in order to measure the conductivity is strong enough
disturb significantly the periodic potential of a SL breaki
down the minibands.

When optical measurements are applied, the external e
tric field ~which is the electric field of light! is too small to
disturb the electron miniband structure. Therefore, spec
scopical methods~for instance, measurement of an electr
plasma resonance! give us the conductivity at an optical fre
quency, and allow us to study the electron transport in
original, not disturbed, SL potential. Moreover, optical spe
troscopy makes it possible to separate the energy and
relaxation time of electron plasma excitations which contr
ute as the product to a conductivity. This additional adv
tage turns out to be important in assigning an origin to el
tron transport in SL’s.

To our knowledge, the first application of optical spe
troscopy to a study of the problems related to vertical tra
port and electron localization in artificially disordered SL
was presented in Ref. 6, where the photoluminescence~PL!
560163-1829/97/56~7!/3892~5!/$10.00
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was used to detect electrons passing through a SL. Howe
PL measurements do not allow a quantitative analysis of
electron transport, because the PL amplitude giving the e
tron transport intensity also depends strongly on the elec
transition probability which is not known for certain.

In our recent papers,7,8 we proposed Fourier-transform in
frared ~FTIR! spectroscopy as a tool to probe the vertic
conductivity in semiconductor SL’s by means of the me
surement of the plasma frequency of free electrons in a pa
occupied miniband. In addition to the above-mentioned
vantages of optic methods, FTIR makes a quantitative an
sis possible, and, whenp-polarized reflection~or absorption!
spectra are taken, FTIR selects only the plasma modes
larized normal to the layers and, thus, probes only the mo
ment of electrons along the periodic potential~vertical
transport!.7,8

By means of FTIR spectroscopy, one can measure
vertical conductivity

sz~v!5
sz~0!

11v2tpz
2 , ~1!

with sz(0)5vpz
2 tpz /p, wherevpz

2 54pe2n/mz is the fre-
quency of the plasma vibrations polarized along the grow
direction of a SL~thez direction! with the electron densityn
and the electron effective mass in thez directionmz , andtpz
is the relaxation time of plasmons. In order to study t
miniband dispersion, the plasma frequencyvpz can be mea-
sured in SL’s, with the electron densities varying with t
doping level. The variation of the electron density chang
the vertical conductivity in a significantly different wa
when compared with the variation caused by an applied e
tric field. As was already pointed out, the rise of an appl
bias to a SL produces the NDC due to the miniband effect
electrons accelerated until the top of the miniband beca
heavier, thus decreasing the current through the SL. S
larly, it seems that the conductivity should decrease beca
of the increase of the electron effective mass when the Fe
energy (EF) reaches the top of the miniband. However,
was first established in Ref. 9, the vertical conductivity do
not decrease even when the Fermi energy reaches the to
3892 © 1997 The American Physical Society
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56 3893ONE-DIMENSIONAL CHARACTER OF MINIBAND . . .
a miniband; rather, it reveals a steplike dependence on
Fermi energy, when a plateau with a nonzero conductiv
occurs at the Fermi level located in a minigap between
minibands. This is because of the unique form of the Fe
surface in a SL. That is, when the Fermi level enters a m
gap, both the Fermi velocity (vF) and the two-dimensiona
~2D! density of electron states (N2D), which contribute to the
vertical conductivity, remain constant untilEF enters the
next miniband.

When \/tpz,EF the steplike dependence of the vertic
conductivity on the Fermi energy has been found to obey
formula:9

sz~EF!5
n* e2tpz~EF!

mz
, ~2!

with

n* 5
mxW

2\2dSLp
2 ~kFdSL20.5 sin2kFdSL!, ~3!

kF5H 0, EF,0

dSL
21 cos21S W2EF

W D , 0,EF,2W

p/dSL , EF.2W,

~4!

wheremx is the electron effective mass parallel to the laye
W is the miniband half-width, anddSL is the SL period,
respectively.

In contrast, a consideration of the one-dimensional p
odic potential shows a zero conductivity when the Fer
energy is inside a minigap. In such a manner, the 1D tra
port in a SL reveals a metal-dielectric phase transition w
the Fermi energy exceeds the miniband width, while suc
transition does not occur when the three-dimensional e
tron states contribute. This shows the importance of the
3D consideration of the vertical transport problem in SL’s

The problem related to this paper can be formulated
follows—does the vertical transport in SL’s indeed have
character? To resolve this problem we studied vertical tra
port in doped GaAs/AlAs SL’s by FTIR reflection spectro
copy and byC-V measurements.

It was found that because of the fluctuations of the p
odic potential of a SL at high enough doping densities,
electron transport is limited in space—electrons move in
1D conductive channels where the nominal periodicity
conserved. This 1D character of the electron transport res
in a metal-dielectric phase transition shown to occur with
increase of the electron density, in accordance with the
diction of the 1D model. TheC-V measurements confirme
the existence of localized electron states in the SL’s un
investigation.

II. EXPERIMENT

The samples used in this study were grown by molecu
beam epitaxy on~100! GaAs substrates, and were compos
of GaAs/AlAs Si-doped SL’s with 17 or 25 ML of GaA
quantum wells and extremely thin~2 ML thick! AlAs barri-
ers; the period was repeated 40 times in each sample
1-mm-thick n1 GaAs:Si buffer layer was grown between th
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substrate and the SL in order to increase the reflectivity,
to allow the fabrication of a contact to the backside of t
SL’s.

For theC-V measurements the Ohmic contact to the s
strate was made by evaporation of a Au-Ge-Ni alloy f
lowed by an annealing at 450 °C, while an Al contact evap
rated on the surface of the SL was utilized as a Scho
contact. The densities of electrons in the samples were ta
as the nominal doping densities. For the low-doped sam
the values of the electron concentration were obtained by
C-V measurements as well.

The electron energy structure of the~GaAs!17~AlAs!2

SL’s calculated in the envelope-function approximation
displayed in Fig. 1. The full circles show the positions of t
Fermi energy for the samples with the electron densitiesne
5131017, 731017, 1.431017, 2.831017, and 5.6
31017 cm23. All the parameters indispensable to the calc
lations were taken from Ref. 10. The calculations show t
the lowest broadG miniband with a width of 70 meV is
separated from the high-lyingG miniband by an energy o
approximately 160 meV. The doping was made in order
vary the positions of the Fermi level in different sampl
from the bottom of theG miniband until the minigap, cross
ing the top of the miniband.

The p-polarized reflection spectra were taken atT
580 K with a Bruker IFS2113-V Fourier-transform infra-
red spectrometer. TheC-V data were measured atT58 K.
The details of the spectroscopic analysis can be found
Ref. 8.

FIG. 1. The electron energy structure of the~GaAs!17~AlAs!2

superlattice. The full circles show the positions of the Fermi en
gies in the differently doped samples under investigation:
31017, 731017, 1.431017, 2.831017, and 5.631017 cm23. The
inset shows the types of the electron states of GaAs wells and A
barriers considered in the calculations.
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III. RESULTS AND DISCUSSION

The values of the plasma frequenciesvpz associated with
the collective vibrations of electrons parallel to the super
tice axis ~z direction! obtained by the reflection spectra
Ref. 8 are collected in Fig. 2 for the samples with differe
doping levels. Dependencies calculated by means of
modeling of the 1D transport when a one-dimensional p
odic potential was taken into account, and by the theory
the 3D conductivity,9 are presented in Fig. 2 as well. The 3
calculations are fulfilled according to the formulas~2!–~4!.
As was seen, our experimental results show a 1D beha
rather than a 3D one, and reveal a metal-dielectric transi
at the Fermi energy corresponding to the top of the lowesG
miniband @shown by the arrow in Fig. 2~b!#. It should be
mentioned that no fitting parameters were used in these
culations. Thus it seems that the 2D electron states taken
account in the full 3D consideration9 do not contribute to the
vertical conductivity.

This surprising result can be understood if we take
fluctuations of periodicity into consideration. Such fluctu
tions can result from random layer-thickness fluctuatio
which have very different lateral extinction (L0) varying
from some tens of angstroms11 to a few micrometers.12 The
calculations show that in our samples even the unavoid
monolayer layer-thickness fluctuations give the average e
tron energy fluctuations\/tMD'80–90 meV, which exceed
the width of the lowestG miniband (D1'70 meV). This
estimation gives the minimum value of the electron ene

FIG. 2. The dependence of the plasma frequencyvpz on the
Fermi energy measured in the~GaAs!17~AlAs!2 superlattices with
different doping~a!. The results of the 3D calculations obtained
formula ~2! are shown by the dashed line. The full line represe
the data obtained by the 1D envelope-function approximation
culations. The dotted line shows the energy distribution of the
calized states in the firstG miniband as it was used in the calcul
tions of the temperature dependence of a capacitance. The top
~b! displays the values ofGpz5\/tpz as obtained by the fitting o
the reflection spectra.
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fluctuations; actually, the layer-thickness fluctuations can
ceed the monolayer width. Moreover, the random poten
of impurities can influence the SL potential and cause ad
tional electron localization. These effects will disturb the c
herence between electron wave functions in neighbor qu
tum wells enough to cause disordered spatial localizat
The correlation length of fluctuations of periodicity can
long enough to form conducting channels; some of them
overlap, providing the vertical transport through the SL w
a percolative character.

Apparently, such a vertical transport will have 1D cha
acter when the lateral width of the conducting channels
smaller than the wavelength of the electrons (le). The mini-
mum wavelength of the electrons in a SL miniband
2dSL . For the samples studied here, this meansle
'200 Å. Thus the condition for one-dimensional transp
through the conducting channels will be fulfilled forL0
<200 Å. If impurities are responsible for the violation of th
periodicity of a SL, then the doping density of
31018 cm23 will give such a value ofL0 .

In order to confirm the effect of the spatial electron loc
ization and thus, the existence of the 1D conducting chan
in the SL’s under investigation, we measured the capacita
of the Schottky junction fabricated on the surface of t
samples. This is considered one of the primary methods
studying the trapping by deep-level defects or impurities.13

To find evidence of trapping due to the localized electr
levels, we examined the temperature dependence of the
pacitance in a temperature range from 8 to 300 K. In t
temperature range the band-to-band electron activation in
GaAs/AlAs SL’s is negligible, and, thus, we would expe
that in the presence of localized electron states we would
able to observe an alteration of the capacitance due to t
thermal activation.

Figure 3 presents results obtained on some of the stu
samples~the capacitance of the SL’s with doping leve
larger than 1018 cm23 could not be measured because of t
influence of the built-in electric field at the surface of th
sample!. These results show the increase of the capacita
with temperature. The value of the capacitance can be
tained from

C5
4pS

W
, ~5!

where S is the measured area andW is the width of the
depletion layer. In the SL’s under investigation,W
5(6pne2/EF)21/2;n21/6 because of the Thomas-Ferm
screening. The increase of the free-electron density estim
by means of the measuredC(T) dependencies reveals a
activation energy about 200 meV, which is comparable
the width of the lowest firstG miniband, and to the energ
gap between the first and the secondG minibands. Therefore
it is clear that at least part of the electron states of the firsG
miniband should be localized, and the thermalization of
electrons from the first miniband to the second one should
considered to supply the observed increase of the cap
tance.

In order to analyze the temperature dependence of
capacitance measured in the SL’s, we treated the sim
model with two minibands: in the lowest miniband the ele
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56 3895ONE-DIMENSIONAL CHARACTER OF MINIBAND . . .
trons can be fully localized, while all the electrons in t
high-lying miniband are delocalized.

In spite of its simplicity, this model seems to be qu
realistic because, as was mentioned above, even the m
layer width fluctuations can cause a breakdown of the co
ency between electron states in the lowestG miniband, while
they can cause only partial electron localization in the sec
one. Moreover, the estimation of the activation energy fr
the C(T) dependencies gives a value which exceeds

FIG. 3. The dependence of a capacitance on temperature fo
Schottky devices made of the doped superlattices~GaAs!17~AlAs!2

with n5131017 cm23 ~a!, 731017 cm23 ~b!, and
~GaAs!25~AlAs!2 with n5431017 cm23 ~a!. The full lines were
computed by the two-miniband model described in the text with
percentage of the localized electron states in the lowest minib
~a! 24%, ~b! 230%, and~c! 260%.
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width of the firstG miniband; this also implies that most o
the electron states belonging to this miniband should be
calized. Thus in our model the thermal excitation of ele
trons from the localized states of the firstG miniband to the
second one produces the free electrons which contribut
the rise of the capacitance.

In order to calculate the concentration of the thermaliz
electrons, we numerically solved the equation

E
D1

N1~E!dE

11 1
2 exp

E2m

kT

1E
D2

N2~E!dE

11exp
E2m

kT

2ne50, ~6!

where the chemical potentialm is unknown,ne is the total
electron density, andN1(E) andN2(E) are the densities o
electrons states in the first and secondG minibands, respec-
tively. The chemical potential found as a solution of th
equation was substituted into the second term of Eq.~6! to
obtain the electron concentration in the second miniba
(n2).

We approximatedN1(E) by the Gauss distribution func
tion, with a full width at half maximum equal to the width o
the first miniband calculated by the envelope-function a
proximation~EFA!. The density of localized states was no
malized with respect to the density of states in an unp
turbed miniband ~calculated by the EFA!. The energy
distribution of the localized electron states in the first mi
band obtained in such a manner is depicted in Fig.
N2(E) was calculated by the EFA. Finally, the capacitan
of the SL was computed from relation~5! with n5n2 , and
then normalized with respect to the measured values.

However, this model gives dependencies ofC(T) stron-
ger than were observed in experiment. Thus, if all the el
tron states in the lowest miniband are localized, the cal
lated increase of the capacitance with temperature is
large; if, on the contrary, all the electrons are delocalized,
rise of capacitance occurs. Therefore, this means that e
tron states in the lowest miniband are partly localized. Th
delocalized electron states belong to the conducting chan
and contribute to the conductivity, but do not contribute
the capacitance; the localized ones contribute to the cap
tance and not to the conductivity. The best fitting of t
computedC(T) dependencies to the experimental ones~re-
sults are shown in Fig. 3! was obtained with the percentag
of the localized electron states given in Fig. 3.

It turned out that a few electron states are localized in
~GaAs!17~AlAs!2 SL with an electron concentratio
1017 cm23; however, their number significantly increas
with an increase of the doping level, which reflects the stro
influence of impurities on the electron localization. The i
crease of the number of localized electron states obse
with the increase of the doping allows us to conclude t
more than half of all the electron states of the lowestG mini-
band are localized in a SL with a doping density larger th
231018 cm23, where the formation of the 1D conductin
channels was detected.

It is clear that, the narrower the miniband, the stronger
localization that will be caused by the same doping dens
This was indeed observed in the~GaAs!25~AlAs!2, SL where
the width of the firstG miniband equals 32 meV; here mor
than half of the electrons become localized at a doping d
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3896 56PUSEP, CHIQUITO, MERGULHA˜O, AND GALZERANI
sity of 431017 cm23 ~the position of the Fermi level in this
sample was found to be close to the top of the firstG mini-
band!.

It is worth mentioning that the full localization of th
electron states in the lowest miniband which may occur
SL’s with extremely high doping densities will cause
quantum-mechanical broadening of the vertical plasm
Gpz5\/tpz exceeding the width of the miniband, which wa
not observed experimentally. Conversely, as depicted in
2~a!, the values ofGpz found by the fitting the reflection
spectra are much smaller than the width of the miniba
even in the highly doped samples. Therefore, we concl
that these values ofGpz instead relate to plasma vibrations
the conducting channels.

It should be mentioned that in our simple model we d
not include the partial localization which can occur in t
secondG miniband. It is clear that this will cause an increa
of the effective gap between the minibands and, con
quently, a decrease of the number of localized states obta
by the fitting. This effect is expected to be stronger in SL
with narrower minibands. Therefore, although a quantitat
analysis could not yet be performed, the model utilized gi
a quite correct qualitative explanation of the obtained resu

IV. CONCLUSIONS

We have investigated the vertical transport in dop
GaAs/AlAs SL’s with broad minibands by FTIR reflectio
spectroscopy. No external electric field which could distu
the SL periodic potential was applied to the samples. Inst
in
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of the expected plateaulike behavior of the vertical cond
tivity predicted by the theory9 to occur when the Fermi leve
enters a minigap between two minibands, a metal-
dielectric transition was found, which is the characteris
feature of the 1D transport. This result can be explained
random fluctuations of the superlattice periodicity are tak
into consideration. Such fluctuations can cause the sp
localization of electrons providing 1D conducting chann
to transfer electrons, where a nominal periodicity is co
served.

Additional evidence of the localized electron states w
obtained by an examination of the temperature depende
of the capacitance of the Schottky devices fabricated with
SL’s under investigation. In order to explain the experime
tal results, a simple two-miniband model with localized ele
tron states in the lowest miniband, and with free electrons
the high-lying second one, has been developed. This m
allows a qualitative explanation of the influences of the do
ing level and of the width of the miniband on the number
thermalized electrons contributing to the temperature dep
dence of the capacitance.
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