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Electron Tunneling Study of Coulomb Correlations across the Metal-Isulator Transition in Si:B
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(Received 11 June 1996)

Electron tunneling gives an empirical description of how Coulomb correlations evolve across the
metal-insulator transition (MIT) in Si:B. For clearly insulating or metallic samples, the tunneling
conductance displays a parabolic or a square-root shape, respectively. Just below the MIT, the
conductance shows some metallic features before the samples become truly metallic. Very close
to the MIT, the conductance spectra are unusually broad and frequency dependent. We interpret
this last feature as a result of long-wavelength screening arising from a divergence of the dielectric
constant. [S0031-9007(96)01403-2]

PACS numbers: 71.30.+h, 73.20.Fz, 73.40.Gk
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The electronic properties of disordered solids nea
metal-insulator transition (MIT) are a common and impo
tant manifestation of a general problem in modern phys
an interacting many-particle system. Because disorder
calizes electron wave functions, the charges cannot sc
their Coulomb interactions as effectively as in ordina
metals. Thus in all real systems the effects of disor
and Coulomb correlations are intertwined. Scaling the
ries give an essentially complete understanding of the M
in the noninteracting limit, and Coulomb interactions ha
been treated with some success as a perturbation, par
larly on the metal side [1]. However, a description of th
complete transition from insulator to metal incorporatin
both disorder and Coulomb correlations on equal footin
remains a fundamental unsolved problem in the physic
many-particle systems. Such an understanding is impe
by the failure near the MIT of many Fermi liquid simpli
fications. New theoretical approaches are being const
tured to confront this issue directly [2], but these have
to yield testable results and are hampered by a lack of
equate empirical guidance.

Quite generally, Coulomb interactions among electro
in a disordered potential lead to a depletion in the sing
particle density of statesNs´d near the Fermi energýF ,
relative to the noninteracting case [3]. Explicit calc
lations of Ns´d near ´F exist for disordered solids tha
are clearly on either the insulating or the metallic sid
of the MIT. On the metallic side, Altshuler and Arono
(AA) [4] and McMillan [5] showed that, in three dimen
sions, exchange correlations lead to a square-root sin
larity: Ns´d ­ Ns0d f1 1 j´yDj1y2g, where the correlation
energy parameterD ø h̄Dy,2, D being the diffusion con-
stant and, the mean free path. Here and througho
this paper´F defines the zero of energy. On the in
sulating side, Efros and Shklovskii (ES) [6] argued th
the Hartree part of the Coulomb interaction in a hoppi
conductor leads to a parabolic gap at0 K : Ns´d ­ s3y
pd skye2d3´2, with a gap widthDc ­ e3sN0yk3d1y2, where
k is the dielectric constant andN0 is the noninteracting
density of states. This is a “soft” gap becauseNs´d van-
ishes only at́ F . These and related Coulomb effects ha
0031-9007y96y77(16)y3399(4)$10.00
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been observed in disordered alloys [7–10] granular meta
[11], and doped semiconductors [12].

While these two theories describe the effects o
Coulomb correlations in the limiting cases of insulator an
metal, they do not resolve the question of how Coulom
effects evolve as the carrier density increases and t
system crosses from localized insulator to disordere
metal. The ES result can be extended towards the met
lic state by inserting the scaling-form divergence of th
dielectric function [13] as the dopant densityn approaches
the critical densitync: k ­ k0s1 2 nyncd2h , where
h ø 1.1 for Si:B. This extrapolation makesDc go to zero
at nc so thatNs´d is finite through´F on the metal side.
However, because exchange interactions are neglected
fails to predict the cusp that appears on the metal sid
A similar incompatibility arises if one extrapolates the AA
result by lettingD scale to 0 asn ! nc from above. A
gap inNs´d results, but the quadratic energy dependenc
arising from the Hartree term is not explicitly realized
The inability of these models to join throughnc reflects
the incomplete understanding of Coulomb interaction
across the MIT.

Experimentally, doped semiconductors have long serve
as an excellent resource to study both localization an
Coulomb effects. The quality of available materials is ver
high, and the doping level, which sets the carrier densi
and the strength of the interactions, can be varied syste
atically across the MIT. Electron tunneling provides a
powerful experimental tool which can be used on dope
semiconductors to supply empirical guidance in unde
standing interaction effects. In the standard tunnelin
model [14], when one electrode is an ordinary metal, th
tunneling conductanceGsV , Td ­ ≠Iy≠V is a convolution
of Ns´, Td in the interacting electron material at tempera
tureT with the thermal broadening function:

GsV , Td
G0

­
Z Ns´, Td

N0

"
2

≠fs´ 2 eV , T d
≠seV d

#
d´ , (1)

where f is the Fermi function andG0 is taken to be the
conductance at a high enough voltage where interacti
effects are negligible. McMillan and Mochel [7] were the
© 1996 The American Physical Society 3399
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first to use tunneling to study Coulomb correlations ne
the MIT, using amorphous AuGe films. They succeeded
observing the square-root cusp inNs´d in metallic samples,
and also noted a gap opening in insulating samples. Ho
ever, quantitative comparisons with the ES model were n
made due to complications associated with tunneling
insulating thin films (discussed below). Later more de
tailed tunneling studies were done by Hertelet al. [8] on
NbSi films and Whiteet al. [11] on granular Al films and
wires. In these cases a systematic effort was made to
amine the tunneling conductance as a function of incre
ing sample resistivity, approaching the MIT from the met
side. While much was learned about correlation effects
disordered metals, the insulating side remained neglect
This is because tunneling data on insulating films are co
plicated by a significant, possibly nonlinear, voltage dro
across the film itself, which is difficult to distinguish from
the voltage across the junction. Thisproblem is particula
acute in low-dimensional structures because of inheren
unfavorable geometric constraints on the current paths.

In this Letter, we report on tunneling measurements
Coulomb correlation effects across the MIT in a thre
dimensional doped semiconductor Si:B. The use of bu
flat crystals of Si:B allowed us to exploit a favorabl
current path geometry and reliably measure tunneli
conductances well into the insulating side at relatively lo
temperature. The samples used were Si:B chips,1y400 3

1y400 3 0.01000, cut from a set of waters with varying boron
concentrations. Ohmic contacts were made to the ba
faces of the Si:B chips through four annealed aluminu
stripes. The resistance ratioR(4.2 K)yR(300 K) was then
measured, andnync was determined for each chip using
the calibration of Daiet al. [15]. Data for samples with
nync between 85% and 110% are shown in Fig. 1, whe
a ratio of 3 marks the MIT,nync ­ 100%. On the front
face of each chip, four Si:B-SiO2-metal tunnel junctions
were fabricated using thermal and chemical oxide grow
and lithographic patterning. Explicit details of the junctio
fabrication were described previously [12]. Both Al an
Pb were used as the metal electrodes with equival
results, with the superconductivity in the Pb suppress
by a modest (2 kG) magnetic field. About one junctio
in five was functional, with the remainder either havin
too high a resistance (indicating the SiO2 was too thick) or
showing highly asymmetric Schottky diode characteristi
(indicating the SiO2 was too thin or impure).

To take tunneling conductance spectra, the junctio
were suspended stress-free and immersed in pumped liq
4He at 1.15 K, so that self-heating and temperature dr
were negligible. Tunneling conductance measureme
were done on a minimum of five good junctions on at lea
two separate chips at each doping level. We used bothc
rent and voltage bias and both digital and standardana
ac methods to measure≠Iy≠V . While the current through
the Si:B itself contributed a series voltage drop to th
measurement, the use of backside contacts gave the cur
a large cross-sectional area and a short path length thro
3400
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FIG. 1. Resistances of the Si:B chips as a function
temperature down to 4.2 K, normalized to their 300
value. The values ofnync listed were determined by
the ratio Rs4.2 KdyRs300 Kd for each sample, using the
calibration of Ref. [15]. The horizontal line indicates a
ratio Rs4.2 KdyRs300 Kd ­ 3, which is the MIT threshold,
nync ­ 100%.

the Si:B to reach the junction, minimizing this effect
Based on the known geometry and resistivity, we calcula
that the resistance contribution from the Si:B itself shou
be ,5 V at 1.1 K in the most insulating sample. We
confirmed by measuring two-point resistances across
pairs of Ohmic backside contacts to the samples th
the Si:B resistance was,20 V worst case. All junc-
tion resistances were 5 to 50 kV in the bias ranges of
interest, so at least 99% of the measured voltage d
occurred across the junction, as desired. Neverthele
the rapid divergence ofR(T) and dRydT in insulating
samples asT ! 0 prevented reliable measurement
of their tunneling characteristics at significantly lowe
temperatures. Therefore, for meaningful compariso
datapresented in Fig. 2 for both insulating and meta
lic samples were taken under identical conditionsat1.15 K

Figure 2 shows representative tunneling conductan
spectra measured at 10 Hz excitation frequency. He
raw conductance data were digitized and the therm
broadening function in Eq. (1) was deconvoluted usin
a numerical Fourier transform algorithm [16] in order t
bring out the intrinsic characteristics of each trace. It mu
be emphasized that an interactingNs´, Td should have an
inherent temperature dependence [17] distinct from t
extrinsic Fermi function broadening. Therefore the data
Fig. 2 do not representNs´, 0 Kd, but ratherNs´, 1.1 Kd
with ordinary thermal smearing removed. All the trace
are nearly symmetric with regard to voltage polarity ove
bias ranges of a few mV, with the more insulating sampl
tending to be slightly more asymmetric. This indicate
some degree of symmetry in the low energy electro
hole dispersion. The most insulating samplenync ­ 85%
shows a deep parabolic depletion near zero bias a
shoulders near60.5 mV. This is the signature of the ES
gap and is discussed more completely in Ref. [12]. T
most metallic samplenync ­ 110% shows a square-root
shape [18] extending out to many mV. This behavior
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FIG. 2. Representative tunneling conductance traces, norm
ized to the conductance at12 mV, from junctions at 1.15 K
using the Si:B samples of Fig. 1. The thermal smearing fu
tion has been deconvoluted as described in the text. The
of conductance for each trace has been offset for clarity an
indicated on the left axis.

shown more definitively in Fig. 3, whereGsV d is plotted
linearly againstV 1y2, with a fit by the AA form forNs´d
yielding D ø 40 meV. The cusp shape is reminiscent
what Wolf et al. [19] reported 25 years ago in Schottk
junctions formed on metallic Si:B.

As nc is approached from below (i.e.,nync ­ 85%,
93%, and 96%), the curvature ofGsV d remains positive at
and nearV ­ 0, demonstrating a parabolic gap. Asn ! nc,
the gap closes by narrowing, as expected from the
form, and the zero-bias conductance rises so that the
also fills in from the bottom. The gap filling is an ex

Fig. 3. A plot of the positive bias tunneling conductance fro
the 110% sample as a function ofV 1y2. The line is a fit by the
Altshuler-Aronov and McMillan density of states, yielding
correlation energy parameterD ­ 40 meV. Inset: Frequency
dependence of the zero-bias conductance for a junction m
on a 99% Si:B chip.
al-
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pected consequence of the temperature dependence ofNs´,
T d and should occur at any nonzero measurement tem
ature [17]. Also evident is the disappearance of disti
shoulders asn ! nc from below. In fact, the higher en
ergy (i.e.,jV j . 1 mV) parts of the spectra on the 96% an
99% samples can be fit reasonably well by ajV j1y2 depen-
dence, which is a signature of metallic state correlatio
Such a fit clearly does not work for the 85% and 93% sa
ples. The Si:B resistance diverges on these same 96%
99% samples at lower temperature, so these samples
still technically insulators despite the higher bias meta
correlation features seen in their tunneling spectra.

These metallic correlations away from zero bias may
qualitatively explained by considering the positions of t
Fermi level and the mobility edgéc. The MIT occurs
when n is sufficiently large that́ F crosseś c, so that
just below nc, ´F should lie very close tó c. Given
a symmetric electron-hole dispersion near´F , a tunnel
junction at bias voltage6V injects electrons (or holes) into
the Si:B at energy1eV (electrons) or2eV (holes) relative
to ´F . Thus tunneling charges injected withjeV j . 0 can
go into or come from barely metallic states in the Si
whenn is close tonc. While thermal smearing of the Ferm
level was deconvoluted from Fig. 2, thermal and possi
intrinsic broadening of́ c will lead to a smooth transition
from insulator to metal correlations in the conductan
spectra on barely insulating samples asV is ramped away
from zero. In this sense tunneling measurements ten
underestimatenc compared to resistivity measurements

Returning to the behavior nearV ­ 0 asn ! nc, it is
apparent that the low-energy behavior of the 96% and
pecially the 99% samples appear qualitatively out of pla
Both are significantly more smeared and have larger ze
bias conductances than the spectra from samples with
ther higher or lowernync. We emphasize that this tren
is reproducible and is not a thermal smearing effect sin
2≠fy≠seV d was deconvoluted from Fig. 2. We observe
quantitatively similar traces on seven 99% junctions sp
ning four separate chips and on five 96% junctions
three separate chips. No spectra with sharper chara
istics than those shown were observed on junctions w
these two concentrations.

This additional smearing and large zero-bias cond
tance on the insulating samples closest to the MIT pres
a challenge to explain. The most helpful additional cl
is the frequency dependence depicted in the inset
Fig. 3, which shows the zero-bias conductance of a 9
junction, measured dynamically using a conventional
lock-in technique, as a function of excitation frequenc
The conductance increases rapidly with frequency
tween 10 Hz and 100 Hz, becoming nearly frequen
independent above 200 Hz. Junctions on samples of
ther higher or lowernync had much less pronounced fre
quency dependence. While the frequency response
tunnel junction is normally that of a parallelRC circuit,
the higher frequency conductance saturation in Fig. 3
set) can only be fitted by a seriesRC circuit, indicating
3401
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that the observed behavior is not a property of the cap
itance from the SiO2 barrier alone. Fitting to a seriesRC
circuit model yields a capacitance nearly 2 orders of m
nitude larger than the 20 nF appropriate to the geome
of the device and the dielectric constants of SiO2 and pure
Si. This fact strongly suggests that the divergence ofk as
n ! n2

c plays an important role very close to the MIT.
This behavior allows us to offer one plausible interpr

tation of the tunneling conductance in the 99% sam
that can account for many of the observed features.
low but very close to the MIT, the increase ink reflects
the ease with which long wavelength charge fluctuatio
can be induced by a tunneling electron. These fluct
tions can dynamically screen the Coulomb interaction.
largek just belownc, possibly combined with the proxim
ity of a highly conducting metal electrode, could enhan
the long wavelength screening enough to suppress the
gap, with much less effect on the exchange correlati
that give rise to the AA form. As a consequence the tu
neling charge will feel exchange interactions but may n
see the ES gap, at least until the fluctuations have dam
accounting for the general shape of the tunneling sp
tra in the 99% sample. The ES gap in this sample m
not be observable by tunneling because the derivation
Eq. (1) assumes that the tunneling charge relaxes ins
taneously into the single-particle density of states. A
long-lived induced charge fluctuations violate this con
tion, so theG(V) would not be related toNs´d in the sim-
ple manner of Eq. (1). In the more insulating samples,
ES gap becomes apparent because the smallerk no longer
screens significantly, while the metal electrode itself is n
expected to provide sufficient screening to remove the
gap [12,20].

Of course, other physical interpretations of this data
possible. For example, it is possible that inhomogenei
in the Si:B broadenG(V). Resistance measurements defi
nc as the concentration where a metallic path percola
across the macroscopic system. Barely belownc, G(V)
can include contributions from regions of the Si:B th
are already metallic but which have not yet percolat
averaged in with insulating gapped regions. This t
would tend to smear the tunneling conductance nearnc

and yield aspects of metallic correlations in nomina
insulating samples, though it is not as obvious how
strong low frequency dependence might develop.

In summary, we used electron tunneling to provide
empirical description of the evolution of Coulomb corr
lation effects across the MIT, where there is presently
adequate theoretical model. Clearly into either the insu
ing or metallic regimes, the tunneling conductance sho
direct evidence of Coulomb correlation effects expected
existing theory. Approaching the MIT from the insulatin
side, metallic correlations appear in the higher energy p
of the tunneling conductance before the samples beco
truly metallic. This is likely due to injected charges cros
3402
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ing the mobility edge when the Fermi level is sufficiently
close. Very close to the critical density, the conductanc
close to zero bias becomes unusually smeared and show
significant frequency dependence at low frequency. Th
implicates the excess long wavelength screening caused
the dielectric constant divergence as important to the d
gree of Coulomb interactions.
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