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Percolation transition of the quasi-two-dimensional hole system ind-doped GaAs structures

J.P. Noh, F. Shimogishi, Y. Idutsu, and N. Otsuka*
School of Materials Science, Japan Advanced Institute of Science and Technology, Asahidai 1-1, Tatsunokuchi, Nomigun

Ishikawa 923-1292, Japan
~Received 3 June 2003; revised manuscript received 2 October 2003; published 29 January 2004!

The transition from thermally activated conduction to metallic conduction in Bed -doped GaAs structures
was investigated. At room temperature, samples with lower Be concentrations exhibited the thermally activated
conduction, and other samples with higher Be concentrations showed the metallic conduction. The activation
energy for the conduction of the insulating samples changes linearly with the Be concentration, vanishing at a
critical Be concentration. The slope of the linear change corresponds to the density of states in the quasi-two-
dimensional hole system of GaAs, suggesting the existence of the mobility edge in this system. A model of
percolation via quantum point contacts is used for the analysis of the temperature-dependence of the resistivity
in the samples with high Be concentrations. The thermally activated conduction in these samples at low
temperatures is explained by assuming the existence of more than one percolation thresholds which result from
the nature of quantum point contacts. The temperature dependence of the resistivity at high temperatures for all
investigated samples collapses onto a single curve in each of the insulating and metallic side with one scaling
parameterT0. The value ofT0 has a power-law relation with the hole concentration in both insulating and
metallic sides with critical exponents being 0.9460.05 and 1.1960.16, respectively.

DOI: 10.1103/PhysRevB.69.045321 PACS number~s!: 73.23.2b, 71.30.1h, 72.15.Rn, 81.15.Hi
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I. INTRODUCTION

One of the main conclusions of the scaling theory of
calization, which was presented by Abrahamset al.,1 is that
there is no true metal-insulator transition in two-dimensio
disordered electronic systems in zero magnetic field; inst
of a singularity resulting from a continuous phase transiti
there is a smooth and continuous crossover from logarith
to exponential behavior of the conductivity in the tw
dimensional systems. Results of earlier experiments2,3 sup-
ported this conclusion, and, hence, the absence of a m
insulator transition in real two-dimensional electron
systems, which more or less suffer disorder of potentials,
become a widely accepted view.

In 1994 Kravchenkoet al. reported a finding of a possibl
metal-insulator transition in high-mobility Si metal-oxide
semiconductor field-effect transistors~MOSFETs! in zero
magnetic field.4 Their results showed that Si MOSFE
samples with high electron concentrations exhibited meta
conduction at temperatures down to the measurable low
temperature, 35 mK.5 It was shown that the temperature d
pendence of the resistivity in both metallic and insulati
sides of the transition was able to scale with a single par
eterT0; the value ofT0 depended on the electron concent
tion with a power-law relation.6 These characteristic
strongly suggest that it is a true metal-insulator transition
two dimensions in a zero magnetic field. It has been s
gested that the occurrence of this transition may be attribu
to electron-electron interactions which are not accounted
by the above-mentioned scaling theory,7 but the origin of the
possible metal-insulator transition has not yet been fu
clarified at present. Similar possible metal-insulator tran
tions have been observed in other two-dimensional elec
systems since the finding of the transitions in Si MOSF
samples.8–11 Some of those transitions exhibited the scali
behavior of the temperature dependence of the resistiv7
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As another common characteristic of these transitions,
resistivity at the transitions was found to be close to
quantum unit of resistanceh/e2,7 the possible origin of
which was explained by a percolation-type description of
metal-insulator transitions.12

Recently we reported a finding of a transition from t
thermally activated conduction to the metallic conduction
Be d -doped structures grown by molecular-beam epita
~MBE!.13 The structure is made of a combination of a B
d -doped layer and a low-temperature-grown GaAs~LT-
GaAs! ultrathin layer containing a high concentration of a
tisite As atoms. With an increase in the Be doping conc
tration, an activation energy for the conduction continuou
decreases towards zero. Beyond a certain Be concentra
the metallic conduction occurs. The interesting aspects
this transition are that it occurs at room temperature and
resistivity at the transition is very close to12 h/e2.

At low temperatures, typically below 250 K, the resisti
ity of the Bed -doped structures in the metallic side starts
increase with lowering the temperature. They, therefore, m
not be metallic at their ground states, and this transition m
not be a true metal-insulator transition. However, a conti
ous decrease in the activation energy towards zero with
Be concentration approaching a critical value suggests
this transition may be a continuous phase transition of
electronic system. This paper presents results of the inve
gation of this possibility by the analysis of the quantitati
dependence of the resistivity on the Be concentration in
d -doped layer. One main result of the analysis is that
change of the activation energy of the thermally activa
conduction with the Be concentration directly corresponds
the density of states in a quasi-two-dimensional hole syst
As another main result, the origin of thermally activated co
duction at low temperatures in the metallic side is explain
with a model of percolation via quantum point contacts.
nally the present study shows that the temperature de
©2004 The American Physical Society21-1
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dence of the resistivity in both insulating and metallic side
high temperatures exhibits a scaling behavior with one s
ing parameterT0.

II. EXPERIMENT

Seventeen Bed -doped GaAs structures with different B
concentrations were grown by utilizing a MBE system. T
Be concentrations ind -doped layers in these samples ran
from 4.231013 to 9.131013 cm22. Detailed growth condi-
tions and the layer configuration were described in an ea
report.13

In the present study, the following procedures were u
in order to investigate quantitative dependence of the re
tivity on the Be concentration in thed -doped layer. Instead
of the substrate temperature 520 °C used for the Bed doping
and the growth of a spacer layer in the earlier study,13 a
lower substrate temperature of 450 ° C was used. The lo
temperature minimizes the diffusion and surface segrega
of Be during thed doping and the growth of the spacer lay
and, hence, can give rise to a nearly ideal dopant distribu
in the d -doped layer. A substrate temperature lower th
450 °C, on the other hand, was found to roughen the sur
of the spacer layer and tend to result in the formation
extended defects in an ultrathin LT-GaAs layer. The reali
tion of a nearly ideal Be distribution in thed-doped layer
was strongly suggested by the direct correlation of the
pendence of the activation energy for the conduction on
Be concentration with the density of states in a tw
dimensional hole system, which will be described later in
present paper.

Another special procedure taken in this study is the us
the same substrate holder throughout all growth experime
The substrate temperature for the growth of LT-GaAs la
was set with the combination of pyrometer and thermocou
readings as described in the earlier report.13 It is known that
the difference between the thermocouple reading and the
tual substrate temperature in the MBE growth strongly
pends on substrate holders even if a substrate is mounte
a substrate holder with Indium in the same manner. The
of the same substrate holder, hence, improves the repro
ibility of the substrate temperature for the growth of L
GaAs layer and results in nearly identical antisite As conc
trations among the samples.

For van der Pauw measurements of resistivity, a squ
535-mm2 sample was cut from each MBE-grown samp
and an In contact was made at each corner of the sam
More details of these procedures were described in the
lier report.13

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the r
tivity of 17 samples in the temperature range from 5 to 3
K. The Be doping concentration decreases monotonic
from sample 1 to sample 17. The resistivity of the samp
increases with a decrease in the Be concentration. The r
tivity of nine samples with lower Be concentrations, fro
samples 9 to 17, which are denoted by open symbols, mo
04532
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tonically increases with lowering the temperature in t
whole measurement temperature range. The resistivity
eight samples with higher Be concentrations from t
samples 1–8, which are denoted by solid symbols, initia
decreases with lowering the temperature, exhibiting a me
lic behavior, but starts to increase in the temperature ra
approximately between 255 and 200 K. With further lowe
ing the temperature towards 0 K, the resistivity of the
samples continues to increase. The resistivity of sample
whose Be concentration is the middle of those of 17 samp
remains nearly constant in the temperature range from 35
275 K, and shows an insulating behavior in the lower te
perature range.

In the Arrhenius plots of the resistivity of nine sampl
with lower Be concentrations, there are three tempera
ranges with respect to the temperature dependence of
resistivity, similarly to the plots shown in Fig. 4 of our earlie
paper.13 In the higher temperature range above 250 K,
plots of the all samples become asymptotically line
changes. An extrapolation of these linear changes towa
1/T50 converges the value of12 h/e2. In the intermediate
temperature range from 150 to 250 K, the plots change
perlinearly; apparent activation energies continuously
crease with lowering temperature in this temperature ran
In the lower temperature range below 150 K the activat
energies significantly decrease with lowering temperatu
which is attributed to a gradual replacement by the hopp
conduction of localized holes. At temperatures above 150
the mobility is nearly 100 cm2/Vs and slowly decreases wit
an increase in the temperature, indicating that the conduc
occurs via thermal excitation of localized holes to extend
states.

Figure 2 shows the relationship between the Be conc
trations and the activation energies«1 which were derived
from nearly linear changes of the Arrhenius plots of t

FIG. 1. Temperature dependence of the resistivity of 17 sam
with different Be doping concentrations.
1-2
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samples from 9 to 17. The plots of«2, denoted by solid
symbols in the figure, will be explained later. In the figur
@Be# is the Be concentration of a sample, and@Be#c is the
critical Be concentration 6.4031013 cm22 whose value was
determined by extrapolating a linear change of activat
energies«1 of the sample from 13 to 9 towards zero. Figu
2 shows two parts of linear changes of«1 with a smaller
slope in the high activation energy part.

The density of states in a quasi-two-dimensional elect
system is given by

D~E!5 j
4pm*

h2
, ~1!

where j is the number of occupied subbands andm* is an
effective mass. Effective masses of a heavy hole and a l
hole of GaAs are 0.62m and 0.08m, respectively,14 wherem
is the free electron mass. For heavy holes which domin
the density of states at a given energy according to Eq.~1!,
the value of 4pm* /h2 is 2.5831011 meV21 cm22. The
slopes of linear changes in Fig. 2 were found to be in
order of this value. Hence, by assuming that the slopes
respond toD(E) of heavy holes, the numbersj were derived
for two parts of the linear change of«1 by using the least
square method; they are 2.0860.23 and 1.0360.07 for the
low and high activation energy parts, respectively. The cl

FIG. 2. Relationship between the Be concentrations and the
tivation energies«1 and«2. The former, denoted by open symbol
were derived from the resistivity of nine samples which exhi
thermally activated conduction at room temperature. The latter,
noted by solid symbols, were derived from six samples in higher
concentrations. The inset schematically shows the energy ban
the Bed -doped layer where EF , Ec1, and Ec2 are the Fermi level,
the first percolation threshold, and the second percolation thresh
respectively.
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agreement between the slopes of linear changes in Fig. 2
the density of states in the quasi-two-dimensional hole s
tem implies that holes in the Bed -doped layers behave as
quasi-two-dimensional system even at room temperat
where the activation energy corresponds to the energy di
ence between the Fermi level and the energy of the crit
extended state. The values ofj further suggest that the Ferm
level is located in the lowest subband of heavy holes in
high activation energy part and the critical extended stat
located in the second lowest subband; as shown by the i
of Fig. 2.

Once the Fermi level has passed the critical exten
state, the system is expected to become metallic without
activation energy for the carrier transport. As seen in Fig
however, at lower temperatures thermally activated cond
tion occurs in the samples whose resistivity has the meta
temperature dependence at room temperature. Th
samples, therefore, may not be metallic at their grou
states. One may, hence, consider that the above-menti
transition is merely a result of competition between stro
localization and temperature-dependent Drude resistivity
sulting from carrier-phonon scattering; as the resistivity d
creases with an increase in the Be concentration, the t
perature dependence of the Drude resistivity overwhelms
temperature dependence resulting from the thermal act
tion of localized carriers. It is, however, very unlikely th
such competition happens to lead to the linear change of
observed activation energy with the Be concentration
wards zero and the slope of the linear change being ne
equal to the density of states in a two-dimensional system
is also difficult to explain with such a competition that th
resistivity at the transition is very close to the quantum u
of resistance.

According to the scaling theory of localization,1 there is a
crossover in two dimensions between strong localization
weak localization, that is, the exponential temperature dep
dence of the resistivity and the logarithmic temperature
pendence. This crossover is predicted to occur gradu
without any behavior resulting from singularity. An earlie
study on this crossover in Si MOSFET samples3 showed that
for a resistivity lower than 10 kV the temperature depen
dence was logarithmic, while for a resistivity higher tha
15 kV the temperature dependence was exponential. In
range between 10 and 15 kV a gradual transition from a
logarithmic dependence to an exponential dependence
curred. In contrast to the results of the earlier study, ther
a sharp transition in the present case from the expone
temperature dependence to the metallic temperature de
dence. The exponential temperature dependence conti
until the resistivity reaches the value of1

2 h/e2, namely,
12.9 kV, and below this resistivity the metallic temperatu
dependence occurs at room temperature. The room temp
ture resistivity of sample 9 is 13.3 kV which is the lowest
among those having the exponential temperature dep
dence, while the room temperature resistivity of sample 8
12.0 kV which is the highest among those having the me
lic temperature dependence at room temperature.

Mott proposed that there was a sharp energy bound
called a mobility edge which separated localized and n
localized states in a conduction band of a disorde
system.15 If the Fermi level is located among localized state
the conduction occurs via thermal excitation of localized c
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riers from the Fermi level to the mobility edge, and, hen
the activation energy corresponds to the energy differe
between the Fermi level and the mobility edge. The res
shown in Fig. 2 strongly suggests that there is a sharp en
separation resembling the mobility edge in the band of
Be d -doping well.

The apparent existence of the mobility edge in the pres
system deviates from the prediction of the scaling theory
localization, according to which a gradual crossover is
pected to occur between strong and weak localization in
dimensions.1 One possible cause which makes the crosso
close to a phase transition in the present system may
significant contribution of electron-electron interactions. In
nearly homogeneous system, electron-electron interact
are enhanced at lower carrier concentrations due to the c
petition between the Fermi level and electron-electron in
action energy. In Si MOSFET samples, a possible me
insulator transition was found to occur at low electr
concentrations in the order of 1010 cm22, suggesting a sig-
nificant role of electron-electron interactions.7 In the present
case, on the other hand, hole concentrations in the
d -doped layer are significantly high, being in the order
1013 cm22. Hence, an explanation similar to those for oth
possible metal-insulator transitions in two dimensions can
be used in the present case. One possible explanation fo
nature of the transition observed in the present system
be given by utilizing a model proposed by Meir.12 This
model combines quantum point contacts and global class
percolation, with which the origin of the quantum unit
resistance at the percolation threshold is explained. In
d -doped layer random potential fluctuation due to Be a
antisite As ions may lead to an inhomogeneous distribu
of holes. At a certain hole concentration in thed -doped
layer, a percolation transition may occur, and the mac
scopic two-dimensional resistivity may be determined by
quantum conductance at individual percolation channels.
though this model was proposed in order to explain the
gin of the possible metal-insulator transition in a Si MO
FET, it could be applicable to the present case;
inhomogeneity of the hole distribution in thed -doped layer
occurs on a very fine scale and, hence, resulting percola
channels may exhibit quantum conductance even at ro
temperature.

There is further support in the present results for this p
colation description of the transition. Once the Fermi le
has passed the percolation threshold, more quantum p
contacts form, and widths of existing quantum point conta
increase in the conducting network. Even under this con
tion, the macroscopic resistivity of the two-dimensional s
tem at low temperatures is still determined by the worst
sistor in the conductive network; the resistivity at 0 K is
expected to remain at the value of1

2 h/e2 in spite of the
further increase in the hole concentration. At a certain h
concentration, however, the second percolation thresh
will occur. The conductive network will be completely con
nected with quantum point contacts whose two lowest s
bands are filled by holes and, hence, have the resist
1
4 h/e2. At the second percolation threshold the resistivity
the system is expected to change discontinuously into
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value of 1
4 h/e2 at 0 K. At high temperatures, on the oth

hand, a gradual decrease in the resistivity will occur wh
the Fermi level moves from the first percolation threshold
the second one because of thermal activation of carrier
the latter one. In this range of the hole concentration,
resistivity of the system will increase with lowering temper
ture due to the reduced thermal activation of carriers to
second percolation threshold.

The resistivity at finite temperatures with the Fermi lev
located between the first and second percolation threshol
given by

1/%~T!51/%0@11exp~2«2 /kT!#, ~2!

where%05 1
2 h/e2, and«2 is the energy difference betwee

the Fermi level and the second percolation threshold.
cording to this relation, the resistivity%(T) approaches
1
2 h/e2 near 0 K and1

4 h/e2 at infinitely high temperatures. In
order to investigate the applicability of the relation to t
present case, logarithms of%/(%02%) of the samples from 1
to 6 are plotted against 1/T in Fig. 3. The resistivity of
samples 7 and 8 could not be used for this analysis bec
their resistivity is too close to%0 to give rise to accurate
results by using Eq.~2!. Relation~2! is expected to give rise
to a linear change with its slope equal to«2 /k and a unity
value for%/(%02%) at 1/T50. Figure 3 shows nearly linea
changes in the temperature range approximately from 10
200 K with their slopes monotonically decreasing fro
sample 6 to sample 1. The energy differences«2 estimated
from Fig. 3 are plotted in Fig. 2 as solid symbols. As seen
Fig. 2,«2 changes linearly with the Be concentration, and
slope is nearly equal to that of«1 in the higher Be concen
tration range. With Eq.~1! and the heavy hole mass, th
slope corresponds to 2.0260.35 for the parameterj in Eq.

FIG. 3. Plots of logarithms of%/(%02%) of the samples 1–6 as
a function of 1/T.
1-4
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~1!. The extrapolated values of%/(%02%) of the linear
changes at 1/T50 range between 1.2 and 1.5, which impli
that high temperature limits of% are greater than14 h/e2 by
10% to 20% of the latter value.

There are many other processes which affects the t
perature dependence of the resistivity in this system, inc
ing hopping conduction of localized carriers and phono
carrier coupling. In spite of such processes, the abo
mentioned simple model successfully explains the m
feature of the present results. This strongly suggests tha
percolation transition does occur in this quasi-tw
dimensional hole system. The thermally activated conduc
in the samples from 1 to 6 below 200 K, therefore, does
necessarily imply that these samples are nonmetallic. Fig
2 further suggests that the second percolation thresho
located in the second subband of thed -doped potential well
approximately 30 meV above the first percolation thresh
as shown by the inset of Fig. 2. The 30-meV energy diff
ence between the two thresholds corresponds to the few
nometers width of a quantum point contact on the basis
the parabolic potential model.16

The analysis described above suggests that there is a
dimensional percolation transition in this system. Unlike t
conventional percolation, however, percolation in the pres
case results from the formation of quantum point contacts
addition, different percolation thresholds occur successiv
as a result of the nature of the quantum point contacts. Th
is, therefore, a possibility for one to drive a new fundamen
aspect of two-dimensional electron systems from the crit
properties of the present transition. For this purpose, the s
ing of the temperature dependence of the resistivity w
made by following the procedure used in earlier studies o
possible metal-insulator transition.6 Figure 4 shows scaling
plots of the temperature dependence of the resistivity of
samples which were made by assuming the relation

%~T,ps!5%@T/T0~ps!#, ~3!

where T0 is a scaling parameter andps is the two-
dimensional hole concentration. Based on the results sh
in Fig. 2, the Be concentration is regarded as the tw

FIG. 4. Scaling plots of the temperature dependence of the
sistivity of 16 samples.
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dimensional hole concentration. In the figure, the resistiv
data were plotted at an interval of 25° for each sample
order for one to be able to distinguish symbols of differe
samples. For the insulating side, the resistivity of ni
samples in the temperature range from 150 to 350 K w
used in the scaling. The temperature-dependence of the
mobility in these samples indicates that the significant c
tribution of the hopping conduction to the resistivity occu
below 150 K. With inclusion of the data of the resistivity
temperatures below 150 K, any choice of the parameterT0
could not give rise to a single monotonic curve like the o
shown in Fig. 4. For the metallic side, on the other side, o
the temperature range where the resistivity increases with
increase of the temperature was used from the data of e
sample. The plots of sample 8 was not included becaus
resistivity remains constant from 275 to 350 K.

The values ofT0 were chosen so as to give rise to
monotonic continuous curve. For the insulating side, the
bitrariness of the choice ofT0 is highly limited because of
sufficient overlapping of the curves of different samples. T
figure shows that plots of nine samples on the insulating s
dramatically collapse onto a single curve, suggesting

e-

FIG. 5. ~a! Plots of the scaling parameterT0 as a function of the
hole concentrationps . ~b! Plots of the scaling parameterT0 as a
function of ups2pcu on a log-log scale wherepc is the critical hole
concentration.
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manifestation of a true scaling behavior. For the meta
side, on the other hand, there is a certain degree of arbit
ness in the choice ofT0 due to narrow usable temperatu
ranges. For an example,T0 of sample 3 can be varied withi
several percent without resulting in a significant deviat
from the monotonic curve.

Figure 5~a! plots the scaling parameterT0 as a function of
the hole concentrationps . The figure shows thatT0 varies
with ps in a nearly symmetric manner for the insulating a
metallic side and approaches zero at the transition. Fig
5~b! plots T0 as a function ofups2pcu on a log-log scale.
The value of the critical hole concentrationpc is 6.40
31013 cm22, corresponding to the Be concentration
which the activation energy«1 becomes zero. The figur
shows the linear relation of the plots, especially for the in
lating side, suggesting the power law relation betweenT0
and ups2pcu,

*Corresponding author. FAX: 81-761-51-1149. Email addre
ootsuka@jaist.ac.jp
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