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Scaling and the metal-insulator transition in Si/SiGe quantum wells
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The existence of a metal-insulator transition at zero magnetic field in two-dimengéip)atlectron 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 parggeter
«|n,—ng? where zv=1.6+=0.2, n. is the critical carrier density, and, 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.
[S0163-182697)50344-Q

[. INTRODUCTION densities can be grown by ultrahigh vacuum chemical vapor
deposition (UHV-CVD). In SiGe quantum wells, only
For more than two decades, it has been generally accepteg@lence-band holes are significantly confined; the planar bi-
that, at zero magnetic field all states are localized in a twoaxial strain resulting from the 4% lattice constant mismatch
dimensionaKZD) disordered system aTS_>01 In contrast, a between the Si and the Ge atoms and the valence-band mix-
three-dimensional system can sustain a metal-insulator traid effects can be used to engineer the electronic properties
sition because electrons are localized only when the Fernfif the structures. Of particular importance is the substitution
energy lies below a mobility edde, . The conventional wis- ©Of the spin quantum number by parity as a good quantum
dom in 2D systems has recently been questioned as a resiigmber because of the mixing of the spin and orbital degrees
of a number of experimental results in superconducting thirPf freedom in the valence baridlin the symmetric quantum
films? and in high-mobility Si metal-oxide-semiconductor Well used for this work, only the ground heavy-hole subband
field-effect transistor§MOSFET’S.3~® In high mobility Si IS occupied and. the resulting charge density is ceptergd in the
MOSFET's, it was recognized that the electron-electron inWell. The effective mass of the heavy holes confined in such
teractions were strong and possibly at the origin of the beStructures is similar or larger than that of electrons in Si
havior of the resistivity in the dilute density regime both at MOSFET's,m,=0.22—0.44n,, and the spin-orbit coupling
zero and nonzero magnetic fieli¥he most current theories IS large thus setting the stage for cooperative rather than
have now focused on the role of strong electron-electron insingle-particle phenomena.
teractions in 2D systems allowing for a metal-insulator tran-
_sition to occur in 2D as had been suggested b_y Fi_nkel’stgin Il. SAMPLES
in the early 19808.In cases where the scattering is domi-
nated by the existence of a spin-gap associated with strong We have studied pseudomorphic Si-§e, 15 Si hetero-
spin-orbit coupling, increasing disorder can drive the scalingstructures grown by UHV-CVD on an™ -type S{100) sub-
function from a positive to a negative value thus allowing thestrate. The symmetrically doped samples were grown on a
metal-insulator transition to take plate. 500-A i-Si buffer and consist of a 500-A Si layer
One of the signatures of a phase transition is the scalingnodulation-doped with boron acceptors ax 10*® cm™3
of an appropriate physical parameter. This has recently beeand a 300-Ai-Si setback on each side of a 65-A §iGe, 13
demonstrated in high-mobility Si MOSFET'’s where the scal-quantum well. The cap layer consists of 395 A of B-doped
ing conforms to the classical universal exponénfdn these  Si. The samples were patterned as Hall bar structures 2 mm
samples, the electron-electron interaction is more than along and 0.1 mm wide, and Ohmic contacts were made using
order of magnitude larger than the Fermi energy. As exAl evaporation and annealing below the eutectic point. A
pected in strongly interacting systems, the temperature de2000-A Ti-Au Schottky gate was deposited on top of the cap
pendence of the resistivity for the metallic and insulatinglayer. Without bias applied to the gate, the mobility and car-
phases in Si MOSFET's is typical of a Coulomb ¢8p. rier density at 1.7 K are 1100 &tVs and 2.6
In this paper, these ideas are tested on another physical10'! cm™2, respectively. In this study the carrier density
system characterized by strong Coulomb interactions. Thevas varied from 1.60 to 4310 cm™? with bias voltages
p-type Si/SiGe material system is interesting becausén the range+180 mV to—300 mV. The bias versus carrier
pseudomorphic samples with high mobilities and low carrierdensity variation is linear in the high-density regime and the
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FIG. 1. The temperature dependence of the resistivity in the

UHV-CVD grown 65-A square quantum we(CVD32K) in the FIG. 2. The temperature dependence of the resistivity in the

insulating phase and close to the metal-insulator transition. Th‘?nsulating phase for sample CVD32K in the temperature range 0.5—
inset shows the temperature dependence of another 65-A squagg

guantum wel(CVD32J) where the behavior in the metallic phase is

better resolved. magnitude in resistivity and is characteristic of conduction

_ _ - by hopping in the presence of a Coulomb gap. Using the
linear dependence is extrapolated to lower densities. Me&fros and Shklovskii model of Coulomb interaction between

surements of the metallic phase abovex41®'' cm™? have  |ocalized carrierd the characteristic temperatufg can be
not been carried out because of leakage of the Schottky gatexpressed as
Previous optical and electronic transport measurentents
of the effective mass in identical samples grown by molecu- cé?
lar beam epitaxy suggest that the effective mass is of the kBTo=¥,
order of 0.4n, and that the holes are confined in the ground
heavy-hole subband. The quantum mobilities determined bwhere¢ is the localization lengthg is the dielectric constant,
the low-field Shubnikov—de Haas oscillations are similar toe is the charge of the carriers, afdis a constant taken to be
the transport mobilities as would be expected for large angle=6.2. The Coulomb gap behavior is observed down to 400
scattering from impurities close to the interfdéé? The  mK while the characteristic temperatufg spans the range
samples were measured in the temperature range 25 mK-4023-1.5 K for a localization length variation of 120-¢im.
K, using four-terminal dc techniques and a high input imped-The effective screening radius in the gated SiGe sample is
ance differential electrometer. d=80 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
IIl. RESULTS AND DISCUSSION when the hopping lengthi/4£(T,/T)Y?] is shorter than the

As shown in Fig. 1, the resistivity in the high-density screening radius, it is clear that the hopping length is more

regime undergoes a monotonic decrease with decreasifjan an order of magnitude larger thad.2Such discrepan-
temperature corresponding to a reduction of phonon scatteF/€S Were also observed in St MOSFET’s and could be rec-
ing. The precipitous drop of the resistivity bel® K ob- onciled only |f th(_e value of the coefficie is much smaller.
served in Si MOSFET’s and in wider SiGe quantum walls More striking is the fact that the data may be scaled ;uch
is not observed in these samples as gate leakage in the bikt it collapses onto one curve through use of the single
range corresponding to higher carrier densities made sucifaling parametef, in the temperature dependence of the
measurements impossible. The results obtained with anoth&®Sistivity: p(T,ng)=p[T/To(ng)]. T( was selected from
65 A quantum well from the same wafer are shown as arhe fit to the lowest density curve, and then applied to all
inset to Fig. 1 and suggest that the metallic phase in SiGgubsequent curves such th) = y(')Tél)_. Figure 3 shows
quantum wells may well be very similar to that observed inthe collapsed data, scaled by the factg?s to coincide with
high-mobility Si MOSFET's. Near a critical densitp, the most insulating curve with each curve representing a dif-
=2.2x 10" cm~?, the resistivity in the gated sample starts ferent carrier density. The relationship of the scaling param-
to rise with decreasing temperature signaling the onset of theter to the carrier density is given By(5,) =A| 542, where
metal-insulator transition. Figure 2 shows the temperaturé,=(n.—ng), N, is the critical carrier density at which the
dependence of the resistivity above 400 mK as a function ofransition occurs, ang3=zv where v is the correlation
carrier density. A best fit to these curves indicate that thdength exponent ana is the dynamical exponent. The
temperature dependence can be describeg.@ep(Ty/T)Y?>  power-law relation forT, is exactly satisfied fom,=2.2

for carrier densities lower than,=1.9x 10 cm ? where X 10'" cm™ 2 and all the data collapse on a single curve for
p. is approximatelyh/2e?, andh/e? is the quantum of resis- the insulating side of the transition. The best fit was obtained
tivity. This behavior is observed over more than an order offor zv=1.6x+0.2 with a carrier density variation up t,
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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 density
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
3 exponent is 1.60.2 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
+ iy MOSFET's and suggest that the metal-insulator transition at
— S— I zero magnetic field irp-type SiGe quantum wells is driven

0.1 1 10 by the Coulomb interaction.
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FIG. 3. Scaling of the resistivity as a function of/(Ty). The ACKNOWLEDGMENTS
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