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The existence of a metal-insulator transition at zero magnetic field in two-dimensional~2D! electron systems
has recently been confirmed in high-mobility Si-metal-oxide-semiconductor field-effect transistors. In this
work, the temperature dependence of the resistivity of gated Si/SiGe/Si quantum-well structures has revealed
a similar metal-insulator transition as a function of carrier density at zero magnetic field. We also report
evidence for a Coulomb gap in the temperature dependence of the resistivity of the dilute 2D hole gas confined
in a SiGe quantum well. In addition, the resistivity in the insulating phase scales with a single parameterT0

}unc2nsuzn where zn51.660.2, nc is the critical carrier density, andns is the 2D carrier density. This
dependence is sample independent. These results are consistent with the occurrence of a metal-insulator
transition at zero magnetic field in SiGe square quantum wells driven by strong hole-hole interactions.
@S0163-1829~97!50344-0#

I. INTRODUCTION

For more than two decades, it has been generally accepted
that, at zero magnetic field all states are localized in a two-
dimensional~2D! disordered system asT→0.1 In contrast, a
three-dimensional system can sustain a metal-insulator tran-
sition because electrons are localized only when the Fermi
energy lies below a mobility edgeEc . The conventional wis-
dom in 2D systems has recently been questioned as a result
of a number of experimental results in superconducting thin
films,2 and in high-mobility Si metal-oxide-semiconductor
field-effect transistors~MOSFET’s!.3–6 In high mobility Si
MOSFET’s, it was recognized that the electron-electron in-
teractions were strong and possibly at the origin of the be-
havior of the resistivity in the dilute density regime both at
zero and nonzero magnetic fields.7 The most current theories
have now focused on the role of strong electron-electron in-
teractions in 2D systems allowing for a metal-insulator tran-
sition to occur in 2D as had been suggested by Finkel’stein
in the early 1980s.8 In cases where the scattering is domi-
nated by the existence of a spin-gap associated with strong
spin-orbit coupling, increasing disorder can drive the scaling
function from a positive to a negative value thus allowing the
metal-insulator transition to take place.9

One of the signatures of a phase transition is the scaling
of an appropriate physical parameter. This has recently been
demonstrated in high-mobility Si MOSFET’s where the scal-
ing conforms to the classical universal exponents.3–6 In these
samples, the electron-electron interaction is more than an
order of magnitude larger than the Fermi energy. As ex-
pected in strongly interacting systems, the temperature de-
pendence of the resistivity for the metallic and insulating
phases in Si MOSFET’s is typical of a Coulomb gap.10

In this paper, these ideas are tested on another physical
system characterized by strong Coulomb interactions. The
p-type Si/SiGe material system is interesting because
pseudomorphic samples with high mobilities and low carrier

densities can be grown by ultrahigh vacuum chemical vapor
deposition ~UHV-CVD!. In SiGe quantum wells, only
valence-band holes are significantly confined; the planar bi-
axial strain resulting from the 4% lattice constant mismatch
between the Si and the Ge atoms and the valence-band mix-
ing effects can be used to engineer the electronic properties
of the structures. Of particular importance is the substitution
of the spin quantum number by parity as a good quantum
number because of the mixing of the spin and orbital degrees
of freedom in the valence band.11 In the symmetric quantum
well used for this work, only the ground heavy-hole subband
is occupied and the resulting charge density is centered in the
well. The effective mass of the heavy holes confined in such
structures is similar or larger than that of electrons in Si
MOSFET’s,mh50.22– 0.44me , and the spin-orbit coupling
is large thus setting the stage for cooperative rather than
single-particle phenomena.

II. SAMPLES

We have studied pseudomorphic Si-Si0.87Ge0.13-Si hetero-
structures grown by UHV-CVD on ann2-type Si~100! sub-
strate. The symmetrically doped samples were grown on a
500-Å i -Si buffer and consist of a 500-Å Si layer
modulation-doped with boron acceptors at 131018 cm23

and a 300-Åi -Si setback on each side of a 65-Å Si0.87Ge0.13
quantum well. The cap layer consists of 395 Å of B-doped
Si. The samples were patterned as Hall bar structures 2 mm
long and 0.1 mm wide, and Ohmic contacts were made using
Al evaporation and annealing below the eutectic point. A
2000-Å Ti-Au Schottky gate was deposited on top of the cap
layer. Without bias applied to the gate, the mobility and car-
rier density at 1.7 K are 1100 cm2/V s and 2.6
31011 cm22, respectively. In this study the carrier density
was varied from 1.60 to 4.331011 cm22 with bias voltages
in the range1180 mV to2300 mV. The bias versus carrier
density variation is linear in the high-density regime and the
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linear dependence is extrapolated to lower densities. Mea-
surements of the metallic phase above 4.331011 cm22 have
not been carried out because of leakage of the Schottky gate.

Previous optical and electronic transport measurements12

of the effective mass in identical samples grown by molecu-
lar beam epitaxy suggest that the effective mass is of the
order of 0.4me and that the holes are confined in the ground
heavy-hole subband. The quantum mobilities determined by
the low-field Shubnikov–de Haas oscillations are similar to
the transport mobilities as would be expected for large angle
scattering from impurities close to the interface.13,14 The
samples were measured in the temperature range 25 mK–4.2
K, using four-terminal dc techniques and a high input imped-
ance differential electrometer.

III. RESULTS AND DISCUSSION

As shown in Fig. 1, the resistivity in the high-density
regime undergoes a monotonic decrease with decreasing
temperature corresponding to a reduction of phonon scatter-
ing. The precipitous drop of the resistivity below 2 K ob-
served in Si MOSFET’s and in wider SiGe quantum wells12

is not observed in these samples as gate leakage in the bias
range corresponding to higher carrier densities made such
measurements impossible. The results obtained with another
65 Å quantum well from the same wafer are shown as an
inset to Fig. 1 and suggest that the metallic phase in SiGe
quantum wells may well be very similar to that observed in
high-mobility Si MOSFET’s. Near a critical densitync
52.231011 cm22, the resistivity in the gated sample starts
to rise with decreasing temperature signaling the onset of the
metal-insulator transition. Figure 2 shows the temperature
dependence of the resistivity above 400 mK as a function of
carrier density. A best fit to these curves indicate that the
temperature dependence can be described asrcexp(T0 /T)1/2

for carrier densities lower thanns51.931011 cm22 where
rc is approximatelyh/2e2, andh/e2 is the quantum of resis-
tivity. This behavior is observed over more than an order of

magnitude in resistivity and is characteristic of conduction
by hopping in the presence of a Coulomb gap. Using the
Efros and Shklovskii model of Coulomb interaction between
localized carriers,15 the characteristic temperatureT0 can be
expressed as

kBT05
Ce2

«j
,

wherej is the localization length,« is the dielectric constant,
e is the charge of the carriers, andC is a constant taken to be
'6.2. The Coulomb gap behavior is observed down to 400
mK while the characteristic temperatureT0 spans the range
0.3–1.5 K for a localization length variation of 120–7mm.
The effective screening radius in the gated SiGe sample is
d580 nm, defined by the distance between the 2D holes and
the gate. It is much smaller than the localization length.
While the Coulomb gap behavior would be expected only
when the hopping length@1/4j(T0 /T)1/2# is shorter than the
screening radius, it is clear that the hopping length is more
than an order of magnitude larger than 2d. Such discrepan-
cies were also observed in Si MOSFET’s and could be rec-
onciled only if the value of the coefficientC is much smaller.

More striking is the fact that the data may be scaled such
that it collapses onto one curve through use of the single
scaling parameterT0 in the temperature dependence of the
resistivity: r(T,ns)5r@T/T0(ns)#. T0

(1) was selected from
the fit to the lowest density curve, and then applied to all
subsequent curves such thatT0

( i )5g ( i )T0
(1) . Figure 3 shows

the collapsed data, scaled by the factorsg ( i ) to coincide with
the most insulating curve with each curve representing a dif-
ferent carrier density. The relationship of the scaling param-
eter to the carrier density is given byT0(dn)5Audnub, where
dn5(nc2ns), nc is the critical carrier density at which the
transition occurs, andb5zn where n is the correlation
length exponent andz is the dynamical exponent. The
power-law relation forT0 is exactly satisfied fornc52.2
31011 cm22 and all the data collapse on a single curve for
the insulating side of the transition. The best fit was obtained
for zn51.660.2 with a carrier density variation up todn

FIG. 1. The temperature dependence of the resistivity in the
UHV-CVD grown 65-Å square quantum well~CVD32K! in the
insulating phase and close to the metal-insulator transition. The
inset shows the temperature dependence of another 65-Å square
quantum well~CVD32J! where the behavior in the metallic phase is
better resolved.

FIG. 2. The temperature dependence of the resistivity in the
insulating phase for sample CVD32K in the temperature range 0.5–
2 K.
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50.3131011 cm22. This agrees with both previous and
more recent results for high-mobility Si MOSFET’s. The in-
set in Fig. 3 shows the collapsed data scaled along the tem-
perature axis as (T0 /T)1/2. The curve extrapolates to half of
the quantum resistivityh/2e2 and deviates from the Coulomb
gap behavior whenT'T0 .

In summary we have shown that zero magnetic-field re-
sistivity of 2D holes in high-quality SiGe quantum wells
scales with temperature. Below a critical carrier densitync ,
a single scaling parameter can be used to collapse the resis-
tivity on a single curve in the insulating phase. The metallic
phase was not studied in this work but is known from other
measurements to behave in a similar fashion. The critical
exponent is 1.660.2 and the temperature dependence of the
resistivity is consistent with the opening of the Coulomb gap
as is expected for a system with interacting carriers. The
results are consistent with those obtained in high-mobility Si
MOSFET’s and suggest that the metal-insulator transition at
zero magnetic field inp-type SiGe quantum wells is driven
by the Coulomb interaction.
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FIG. 3. Scaling of the resistivity as a function of (T/T0). The
inset shows the resistivity as a function of (T0 /T)1/2 for CVD32K.

RAPID COMMUNICATIONS

56 R12 743SCALING AND THE METAL-INSULATOR TRANSITION . . .


