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One-dimensional character of miniband transport in doped GaAs/AlAs superlattices
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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 dengifyredicted 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[S0163-18207)01731-]

[. INTRODUCTION was used to detect electrons passing through a SL. However,
PL measurements do not allow a quantitative analysis of the
Since the first proposal of semiconductor superlatticeglectron transport, because the PL amplitude giving the elec-
(SL’s) consisting of periodic alteration of two compourids, tron transport intensity also depends strongly on the electron
they have been extensively studied from different points ofransition probability which is not known for certain.
view. Transport properties of electrons in SL's attracted Inourrecent papers? we proposed Fourier-transform in-
much attention because of the predicted negative differentidfared (FTIR) spectroscopy as a tool to probe the vertical
conductancegNDC) (Ref. 1) and Bloch oscillationg; both conductivity in semiconductor SL's by means of the mea-
have been shown to occur due to the miniband character §urement of the plasma frequency of free electrons in a partly
the electron transport, or, more explicitly, due to the finiteoccupied miniband. In addition to the above-mentioned ad-
miniband width. However, in the earliest presentation ofvantages of optic methods, FTIR makes a quantitative analy-
NDC,? it was established that it is not the miniband effectsSis possible, and, whem-polarized reflectiorfor absorption
but the high-electric-field domains arising due to fluctuationssPectra are taken, FTIR selects only the plasma modes po-
of the electron potential of a SL that are responsible for théarized normal to the layers and, thus, probes only the move-
observed effect. This showed the importance of the electrofent of electrons along the periodic potentiaertical
potential fluctuations influencing the character of the verticatransport.”®
(perpendicular to the layerdransport in a SL. Later, the By means of FTIR spectroscopy, one can measure the
electric-field-induced localization of the electron wave func-Vvertical conductivity
tions (the Wannier-Stark effegthas been found to be an
additional reason for ND&? Both observations presented _04(0)
the influence of the external electric field on the character of 7o @)= 1+ wzrf)z’ @
vertical transport, when the electric field applied to a sample
in order to measure the conductivity is strong enough towith UZ(O)=w,2)ZTpZ/Tr, where cof;z=471-e2n/mZ is the fre-
disturb significantly the periodic potential of a SL breaking quency of the plasma vibrations polarized along the growth
down the minibands. direction of a SL(the z direction with the electron densitp
When optical measurements are applied, the external eleend the electron effective mass in thdirectionm,, andr,,
tric field (which is the electric field of lightis too small to is the relaxation time of plasmons. In order to study the
disturb the electron miniband structure. Therefore, spectrominiband dispersion, the plasma frequengy, can be mea-
scopical methodsfor instance, measurement of an electronsured in SL’s, with the electron densities varying with the
plasma resonanggive us the conductivity at an optical fre- doping level. The variation of the electron density changes
guency, and allow us to study the electron transport in arthe vertical conductivity in a significantly different way
original, not disturbed, SL potential. Moreover, optical spec-when compared with the variation caused by an applied elec-
troscopy makes it possible to separate the energy and thec field. As was already pointed out, the rise of an applied
relaxation time of electron plasma excitations which contrib-bias to a SL produces the NDC due to the miniband effects—
ute as the product to a conductivity. This additional advan€lectrons accelerated until the top of the miniband became
tage turns out to be important in assigning an origin to elecheavier, thus decreasing the current through the SL. Simi-
tron transport in SL'’s. larly, it seems that the conductivity should decrease because
To our knowledge, the first application of optical spec-of the increase of the electron effective mass when the Fermi
troscopy to a study of the problems related to vertical transenergy €g) reaches the top of the miniband. However, as
port and electron localization in artificially disordered SL’s was first established in Ref. 9, the vertical conductivity does
was presented in Ref. 6, where the photoluminescéRtg  not decrease even when the Fermi energy reaches the top of
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a miniband; rather, it reveals a steplike dependence on the 0.5
Fermi energy, when a plateau with a nonzero conductivity
occurs at the Fermi level located in a minigap between two
minibands. This is because of the unique form of the Fermi
surface in a SL. That is, when the Fermi level enters a mini- 0.4
gap, both the Fermi velocityvg) and the two-dimensional
(2D) density of electron stated\gp), which contribute to the
vertical conductivity, remain constant unti enters the
next miniband.

Whent/7,,<Eg the steplike dependence of the vertical
conductivity on the Fermi energy has been found to obey the
formula?®
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mlds., Eg>2W, FIG. 1 The electrqn energy structure_pf tf@aAs)n(AIAs_)z
superlattice. The full circles show the positions of the Fermi ener-
wherem, is the electron effective mass parallel to the layersgies in the differently doped samples under investigation: 1
W is the miniband half-width, andlg, is the SL period, X107, 7X10", 1.4x10", 2.8<10", and 5.6<10'" cm™>. The
respectively. inset shows the types of the electron states of GaAs wells and AlAs
In contrast, a consideration of the one-dimensional peribarriers considered in the calculations.
odic potential shows a zero conductivity when the Fermi

energy is inside a minigap. In such a manner, the 1D transsypstrate and the SL in order to increase the reflectivity, and

portin a SL reveals a metal-dielectric phase transition wheRg gllow the fabrication of a contact to the backside of the
the Fermi energy exceeds the miniband width, while such & g

transition does not occur when the three-dimensional elec- . theC-V measurements the Ohmic contact to the sub-
tron states contribute. This shows the importance of the ful

3D consideration of the vertical transport problem in SL'’s. lowed by an annealing at 450 °C, while an Al contact evapo-
The problem related to this paper can be formulated 8Pated on the surface of the SL was utilized as a Schottky

follows—does the vertical transport in SL's indeed have 3Dcontact The densities of electrons in the samples were taken
character? To resolve this problem we studied vertical trans: ) P

port in doped GaAs/AlAs SL's by FTIR reflection spectros- as the nominal doping densities. For the low-doped samples
copy and byC-V measurements the values of the electron concentration were obtained by the

It was found that because of the fluctuations of the periC-V measurements as well.

odic potential of a SL at high enough doping densities, the The electron energy structure of th€aAs,«(AlAs),
electron transport is limited in space—electrons move in theSL's calculated in the envelope-function approximation is
1D conductive channels where the nominal periodicity isdisplayed in Fig. 1. The full circles show the positions of the
conserved. This 1D character of the electron transport resulfsermi energy for the samples with the electron densities
in a metal-dielectric phase transition shown to occur with the=1X 10",  7X10", 1.4x10", 2.8<10", and 5.6
increase of the electron density, in accordance with the prex 10" cm™2 All the parameters indispensable to the calcu-
diction of the 1D model. Th€-V measurements confirmed lations were taken from Ref. 10. The calculations show that
the existence of localized electron states in the SL’s undethe lowest broad™ miniband with a width of 70 meV is
investigation. separated from the high-lyinf miniband by an energy of
approximately 160 meV. The doping was made in order to
vary the positions of the Fermi level in different samples
from the bottom of thd™ miniband until the minigap, cross-
The samples used in this study were grown by molecularing the top of the miniband.
beam epitaxy orf100) GaAs substrates, and were composed The p-polarized reflection spectra were taken &t
of GaAs/AlAs Si-doped SL's with 17 or 25 ML of GaAs =80 K with a Bruker IFS—113-V Fourier-transform infra-
guantum wells and extremely thi2 ML thick) AlAs barri-  red spectrometer. Th€-V data were measured @t=8 K.
ers; the period was repeated 40 times in each sample. Ahe details of the spectroscopic analysis can be found in
1-um-thickn™ GaAs:Si buffer layer was grown between the Ref. 8.

n*

0, Er<0

W
Ke= dg,_lcos‘l( ) 0<Eg<2W  (4)

Etrate was made by evaporation of a Au-Ge-Ni alloy fol-
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104 A fluctuations; actually, the layer-thickness fluctuations can ex-
(a) A ceed the monolayer width. Moreover, the random potential

of impurities can influence the SL potential and cause addi-

5 A tional electron localization. These effects will disturb the co-

herence between electron wave functions in neighbor quan-
tum wells enough to cause disordered spatial localization.
0- The correlation length of fluctuations of periodicity can be

y long enough to form conducting channels; some of them can
overlap, providing the vertical transport through the SL with
a percolative character.

Apparently, such a vertical transport will have 1D char-
acter when the lateral width of the conducting channels is
smaller than the wavelength of the electroRg)( The mini-
mum wavelength of the electrons in a SL miniband is
2dg . For the samples studied here, this meaxs
~200 A. Thus the condition for one-dimensional transport
through the conducting channels will be fulfilled fdr,

) <200 A. If impurities are responsible for the violation of the

TR R B P periodicity of a SL, then the doping density of 8
0.04 0.08 0.12 0.16 0.20 0.24 X 108 cm™2 will give such a value of_,.

In order to confirm the effect of the spatial electron local-
ization and thus, the existence of the 1D conducting channels
in the SL’s under investigation, we measured the capacitance

FIG. 2. The depender.‘ce of the plasma frequeﬁw on th.e of the Schottky junction fabricated on the surface of the
Fermi energy measured in tH&aA9,/AlAs), superlattices with C - .
different doping(a). The results of the 3D calculations obtained by samp_les. This is C_onS|dered one of the primary methods for
formula (2) are shown by the dashed line. The full line representsStUdy'n_g the _trapplng by de_ep-level defects or !mpurljc?es.

To find evidence of trapping due to the localized electron

the data obtained by the 1D envelope-function approximation cal- X
culations. The dotted line shows the energy distribution of the lo/€VelS, we examined the temperature dependence of the ca-

calized states in the firdt miniband as it was used in the calcula- Pacitance in a temperature range from 8 to 300 K. In this
tions of the temperature dependence of a capacitance. The top pari@Mperature range the band-to-band electron activation in the
(b) displays the values df ,,=#/,, as obtained by the fitting of GaAs/AlAs SL’s is negligible, and, thus, we would expect
the reflection spectra. that in the presence of localized electron states we would be
able to observe an alteration of the capacitance due to their
thermal activation.

The values of the plasma frequencieg, associated with Figure 3 presents results obtained on some of_ the studied
the collective vibrations of electrons parallel to the superlatS@mples(the capaf:;tance of the SL’s with doping levels
tice axis (z direction obtained by the reflection spectra in larger than 18 cm ” could not be measured because of the
Ref. 8 are collected in Fig. 2 for the samples with differentinfluence of the built-in electric f_leld at the surface of_ the
doping levels. Dependencies calculated by means of théa_lmple. These results show the increase (_)f the capacitance
modeling of the 1D transport when a one-dimensional periWith temperature. The value of the capacitance can be ob-
odic potential was taken into account, and by the theory ofdined from
the 3D conductivity’ are presented in Fig. 2 as well. The 3D
calculations are fulfilled according to the formulé®y—(4). o 4_773 5)

As was seen, our experimental results show a 1D behavior w '’

rather than a 3D one, and reveal a metal-dielectric transition

at the Fermi energy corresponding to the top of the loWest where S is the measured area amil is the width of the
miniband [shown by the arrow in Fig. ®)]. It should be depletion layer. In the SL's under investigatioryyy
mentioned that no fitting parameters were used in these cal (6 mne?/Eg) ~Y?>~n~Y6 because of the Thomas-Fermi
culations. Thus it seems that the 2D electron states taken inscreening. The increase of the free-electron density estimated
account in the full 3D consideratiddo not contribute to the by means of the measured(T) dependencies reveals an
vertical conductivity. activation energy about 200 meV, which is comparable to

This surprising result can be understood if we take thehe width of the lowest first" miniband, and to the energy
fluctuations of periodicity into consideration. Such fluctua-gap between the first and the secdndhinibands. Therefore,
tions can result from random layer-thickness fluctuationdt is clear that at least part of the electron states of the Ffirst
which have very different lateral extinctiorL§) varying  miniband should be localized, and the thermalization of the
from some tens of angstroftsto a few micrometer? The  electrons from the first miniband to the second one should be
calculations show that in our samples even the unavoidableonsidered to supply the observed increase of the capaci-
monolayer layer-thickness fluctuations give the average eledance.
tron energy fluctuations/ ry,p~80-90 meV, which exceed In order to analyze the temperature dependence of the
the width of the lowestl’ miniband A;~70meV). This capacitance measured in the SL's, we treated the simple
estimation gives the minimum value of the electron energymodel with two minibands: in the lowest miniband the elec-
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width of the firstl” miniband; this also implies that most of
the electron states belonging to this miniband should be lo-
a) calized. Thus in our model the thermal excitation of elec-
trons from the localized states of the fiistminiband to the
second one produces the free electrons which contribute to
the rise of the capacitance.

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

(GaAs),,/(AlAs),
N=1x10"" (cm™®)

420-
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where the chemical potential is unknown,n,, is the total
electron density, an8ll;(E) andN,(E) are the densities of
820+ electrons states in the first and secdhdhinibands, respec-
(GaAs),,/(AlAs), b) tively. The chemical potential found as a solution of this

17 3 equation was substituted into the second term of (Bgto
goo4  N=7x107"(cm™) obtain the electron concentration in the second miniband
(ny).

We approximatedN,(E) by the Gauss distribution func-
tion, with a full width at half maximum equal to the width of
the first miniband calculated by the envelope-function ap-
proximation(EFA). The density of localized states was nor-
malized with respect to the density of states in an unper-
turbed miniband (calculated by the EFA The energy

; | ' distribution of the localized electron states in the first mini-
0 100 200 300 band obtained in such a manner is depicted in Fig. 2.
N,(E) was calculated by the EFA. Finally, the capacitance
4401 of the SL was computed from relatigh) with n=n,, and
(GaAs),s/(AlAs), c) then normalized with respect to the measured values.
= 17 - However, this model gives dependenciesQifT) stron-
420 N=4x10""(cm 3) ger than were observed in experiment. Thus, if all the elec-
tron states in the lowest miniband are localized, the calcu-
lated increase of the capacitance with temperature is too
large; if, on the contrary, all the electrons are delocalized, no
rise of capacitance occurs. Therefore, this means that elec-
tron states in the lowest miniband are partly localized. These
delocalized electron states belong to the conducting channels
and contribute to the conductivity, but do not contribute to
T " - " T the capacitance; the localized ones contribute to the capaci-
0 100 200 300 tance and not to the conductivity. The best fitting of the
T (K) computedC(T) dependencies to the experimental ofes
sults are shown in Fig.)3vas obtained with the percentage
FIG. 3. The dependence of a capacitance on temperature for th@f the localized electron states given in Fig. 3.
Schottky devices made of the doped superlattiGsA9,(AlAs), It turned out that a few electron states are localized in the
with  n=1x10"cm® (@, 7x10”cm™= (b, and (GaA9,/AlAs), SL with an electron concentration
(GaA9,5(AlAs), with n=4x 10" cm™® (a). The full lines were  10'7 cm™3, however, their number significantly increases
computed by the two-miniband model described in the text with thewith an increase of the doping level, which reflects the strong
percentage of the localized electron states in the lowest minibangxfluence of impurities on the electron localization. The in-
(@ —4%, (b) —30%, and(c) —60%. crease of the number of localized electron states observed
with the increase of the doping allows us to conclude that
trons can be fully localized, while all the electrons in the more than half of all the electron states of the lowléstini-
high-lying miniband are delocalized. band are localized in a SL with a doping density larger than

In spite of its simplicity, this model seems to be quite 2X10'® cm™3, where the formation of the 1D conducting
realistic because, as was mentioned above, even the monchannels was detected.
layer width fluctuations can cause a breakdown of the coher- Itis clear that, the narrower the miniband, the stronger the
ency between electron states in the lowleshiniband, while  localization that will be caused by the same doping density.
they can cause only partial electron localization in the secon@his was indeed observed in ti@aA9,5(AlAs),, SL where
one. Moreover, the estimation of the activation energy fromthe width of the firs" miniband equals 32 meV; here more
the C(T) dependencies gives a value which exceeds th¢han half of the electrons become localized at a doping den-
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sity of 4x10'” cm 2 (the position of the Fermi level in this Of the expected plateaulike behavior of the vertical conduc-
sample was found to be close to the top of the fitshini- tivity predicted by the theoﬁ/to occur when the Fermi level
bang. enters a minigap between two minibands, a metal-to-

It is worth mentioning that the full localization of the dielectric transition was found, which is the characteristic
electron states in the lowest miniband which may occur irfeature of the 1D transport. This result can be explained if
SL's with extremely high doping densities will cause arandom fluctuations of the superlattice periodicity are taken
guantum-mechanical broadening of the vertical plasmorinto consideration. Such fluctuations can cause the spatial
'y, =%/, exceeding the width of the miniband, which was localization of electrons providing 1D conducting channels
not observed experimentally. Conversely, as depicted in Figo transfer electrons, where a nominal periodicity is con-
2(a), the values ofl',, found by the fitting the reflection served.
spectra are much smaller than the width of the miniband Additional evidence of the localized electron states was
even in the highly doped samples. Therefore, we concludebtained by an examination of the temperature dependence
that these values df,, instead relate to plasma vibrations in of the capacitance of the Schottky devices fabricated with the
the conducting channels. SL’s under investigation. In order to explain the experimen-

It should be mentioned that in our simple model we didtal results, a simple two-miniband model with localized elec-
not include the partial localization which can occur in thetron states in the lowest miniband, and with free electrons in
second” miniband. It is clear that this will cause an increasethe high-lying second one, has been developed. This model
of the effective gap between the minibands and, conseallows a qualitative explanation of the influences of the dop-
guently, a decrease of the number of localized states obtainéadg level and of the width of the miniband on the number of
by the fitting. This effect is expected to be stronger in SL'sthermalized electrons contributing to the temperature depen-
with narrower minibands. Therefore, although a quantitativedence of the capacitance.
analysis could not yet be performed, the model utilized gives
a quite correct qualitative explanation of the obtained results.
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