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Electron Tunneling Study of Coulomb Correlations across the Metal-Isulator Transition in Si:B
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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

The electronic properties of disordered solids near d@een observed in disordered alloys [7—10] granular metals
metal-insulator transition (MIT) are a common and impor-[11], and doped semiconductors [12].
tant manifestation of a general problem in modern physics, While these two theories describe the effects of
an interacting many-particle system. Because disorder [d&Zoulomb correlations in the limiting cases of insulator and
calizes electron wave functions, the charges cannot screenetal, they do not resolve the question of how Coulomb
their Coulomb interactions as effectively as in ordinaryeffects evolve as the carrier density increases and the
metals. Thus in all real systems the effects of disordesystem crosses from localized insulator to disordered
and Coulomb correlations are intertwined. Scaling theometal. The ES result can be extended towards the metal-
ries give an essentially complete understanding of the MITic state by inserting the scaling-form divergence of the
in the noninteracting limit, and Coulomb interactions havedielectric function [13] as the dopant densitapproaches
been treated with some success as a perturbation, particilre critical densityn.: « = ko(1 — n/n.)~", where
larly on the metal side [1]. However, a description of then =~ 1.1 for Si:B. This extrapolation makes. go to zero
complete transition from insulator to metal incorporatingat n. so thatN(e) is finite througher on the metal side.
both disorder and Coulomb correlations on equal footing$lowever, because exchange interactions are neglected, it
remains a fundamental unsolved problem in the physics dhils to predict the cusp that appears on the metal side.
many-particle systems. Such an understanding is impede& similar incompatibility arises if one extrapolates the AA
by the failure near the MIT of many Fermi liquid simpli- result by lettingA scale to 0 as: — n. from above. A
fications. New theoretical approaches are being construgap inN(e) results, but the quadratic energy dependence
tured to confront this issue directly [2], but these have yearising from the Hartree term is not explicitly realized.
to yield testable results and are hampered by a lack of adrhe inability of these models to join through reflects
equate empirical guidance. the incomplete understanding of Coulomb interactions

Quite generally, Coulomb interactions among electronscross the MIT.
in a disordered potential lead to a depletion in the single- Experimentally, doped semiconductors have long served
particle density of stated (¢) near the Fermi energyr, as an excellent resource to study both localization and
relative to the noninteracting case [3]. Explicit calcu- Coulomb effects. The quality of available materials is very
lations of N(g) near ey exist for disordered solids that high, and the doping level, which sets the carrier density
are clearly on either the insulating or the metallic sidesand the strength of the interactions, can be varied system-
of the MIT. On the metallic side, Altshuler and Aronov atically across the MIT. Electron tunneling provides a
(AA) [4] and McMillan [5] showed that, in three dimen- powerful experimental tool which can be used on doped
sions, exchange correlations lead to a square-root singgemiconductors to supply empirical guidance in under-
larity: N(g)=N(0)[1+ |e/A|"/%], where the correlation standing interaction effects. In the standard tunneling
energy parametek =~ iD /¢%, D being the diffusion con- model [14], when one electrode is an ordinary metal, the
stant andf¢ the mean free path. Here and throughouttunneling conductanc&(V,T) = 91/9V is a convolution
this paperer defines the zero of energy. On the in- of N(e,T) in the interacting electron material at tempera-
sulating side, Efros and Shklovskii (ES) [6] argued thatture T with the thermal broadening function:
the Hartree part of the Coulomb interaction in a hopping _
conductor leads to a parabolic gap0a : N(e)=(3/ V.1 _ Ne,T) |:—af(8 EV’T):|ds, @)
7) (/€2 e2, with a gap widthA, = e3(Np/x3)!/2, where Go No i(eV)
x is the dielectric constant andly is the noninteracting wheref is the Fermi function ands, is taken to be the
density of states. This is a “soft” gap becawses) van-  conductance at a high enough voltage where interaction
ishes only atr. These and related Coulomb effects haveeffects are negligible. McMillan and Mochel [7] were the
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first to use tunneling to study Coulomb correlations near 10 g
the MIT, using amorphous AuGe films. They succeeded in 9 = 85% = 99% | 7
observing the square-root cusphitte) in metallic samples, gL o 93% o 103%| 1
and also noted a gap opening in insulating samples. How- < 7L N
ever, quantitative comparisons with the ES model were not 2 6L L 96% o 110% h
made due to complications associated with tunneling in g sk

insulating thin films (discussed below). Later more de- = 4 %ID@% OGEDO@?OO. noumEms

tailed tunneling studies were done by Herglal. [8] on S T S VAT
NbSi films and Whiteet al. [11] on granular Al films and 3 secessssstosmmroncs o 5 ¢ & S
wires. In these cases a systematic effort was made to ex- 2r IR OIS O 0000 00 0]
amine the tunneling conductance as a function of increas- LT 10 o0 50 oo o a0

ing sample resistivity, approaching the MIT from the metal
side. While much was learned about correlation effects in
disordered metals, the insulating side remained neglecte#@lG. 1. Resistances of the Si:B chips as a function of
This is because tunneling data on insulating films are corrf-efpperatu[]e do‘f\/n to f4-2 K’l' noémalized dtO their d30t? K
picated by a significant, possibly noriinear, voliage crogiel. T valies ofu: Jeed ere delermined by
across the film itself, which is difficult to distinguish from cajipration of Ref. [15]. The horizontal line indicates a
the voltage across the junction. This problemis particularlyatio R(4.2 K)/R(300 K) = 3, which is the MIT threshold,
acute in low-dimensional structures because of inherently/n, = 100%.

unfavorable geometric constraints on the current paths.

In this Letter, we report on tunneling measurements othe Si:B to reach the junction, minimizing this effect.
Coulomb correlation effects across the MIT in a three-Based on the known geometry and resistivity, we calculate
dimensional doped semiconductor Si:B. The use of bulkthat the resistance contribution from the Si:B itself should
flat crystals of Si:B allowed us to exploit a favorable be ~5 () at 1.1 K in the most insulating sample. We
current path geometry and reliably measure tunnelingonfirmed by measuring two-point resistancesacrossall
conductances well into the insulating side at relatively lowpairs of Ohmic backside contacts to the samples that
temperature. The samples used were Si:B chip$’ X  the Si:B resistance was:20 () worst case. All junc-
1/4" % 0.010”, cut from a set of waters with varying boron tion resistances were 5 to 5@Xkin the bias ranges of
concentrations. Ohmic contacts were made to the badkterest, so at least 99% of the measured voltage drop
faces of the Si:B chips through four annealed aluminunoccurred across the junction, as desired. Nevertheless,
stripes. The resistance raf§4.2 K)/R(300 K) was then the rapid divergence oR(T) and dR/dT in insulating
measured, and/n. was determined for each chip using samples as7T — 0 prevented reliable measurements
the calibration of Dakt al. [15]. Data for samples with of their tunneling characteristics at significantly lower
n/n. between 85% and 110% are shown in Fig. 1, whereaemperatures. Therefore, for meaningful comparison,
a ratio of 3 marks the MITn/n. =100%. On the front datapresentedinFig. 2 for both insulating and metal-
face of each chip, four Si:B-Si©metal tunnel junctions lic sampleswere taken underidentical conditionsat1.15 K.
were fabricated using thermal and chemical oxide growth Figure 2 shows representative tunneling conductance
and lithographic patterning. Explicit details of the junction spectra measured at 10 Hz excitation frequency. Here
fabrication were described previously [12]. Both Al andraw conductance data were digitized and the thermal
Pb were used as the metal electrodes with equivaleriroadening function in Eq. (1) was deconvoluted using
results, with the superconductivity in the Pb suppressed numerical Fourier transform algorithm [16] in order to
by a modest (2 kG) magnetic field. About one junctionbring out the intrinsic characteristics of each trace. It must
in five was functional, with the remainder either havingbe emphasized that an interactiNge, T') should have an
too high a resistance (indicating the Si®as too thick) or inherent temperature dependence [17] distinct from the
showing highly asymmetric Schottky diode characteristicextrinsic Fermi function broadening. Therefore the data in
(indicating the SiQ was too thin or impure). Fig. 2 do not represent (e, 0 K), but ratherN(e, 1.1 K)

To take tunneling conductance spectra, the junctionsvith ordinary thermal smearing removed. All the traces
were suspended stress-free and immersed in pumped liquide nearly symmetric with regard to voltage polarity over
“He at 1.15 K, so that self-heating and temperature drifbias ranges of a few mV, with the more insulating samples
were negligible. Tunneling conductance measurement®nding to be slightly more asymmetric. This indicates
were done on a minimum of five good junctions on at leassome degree of symmetry in the low energy electron-
two separate chips at each doping level. We used both cuhole dispersion. The most insulating sample,. = 85%
rent and voltage bias and both digital and standard analoghows a deep parabolic depletion near zero bias and
ac methods to measuéd/9dV. While the current through shoulders neat-0.5 mV. This is the signature of the ES
the Si:B itself contributed a series voltage drop to thegap and is discussed more completely in Ref. [12]. The
measurement, the use of backside contacts gave the currenbst metallic sample/»n. = 110% shows a sguare-root
a large cross-sectional area and a short pathlength throughape [18] extending out to many mV. This behavior is
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99% samples can be fit reasonably well by’#'/2 depen-
dence, which is a signature of metallic state correlations.
Such afit clearly does not work for the 85% and 93% sam-
ples. The Si:B resistance diverges on these same 96% and
99% samples at lower temperature, so these samples are
still technically insulators despite the higher bias metallic
correlation features seen in their tunneling spectra.

These metallic correlations away from zero bias may be
qualitatively explained by considering the positions of the
Fermi level and the mobility edge.. The MIT occurs
when n is sufficiently large thatsr crossess., so that
just below n., er should lie very close te.. Given
a symmetric electron-hole dispersion negr, a tunnel
junction at bias voltage-V injects electrons (or holes) into
the Si:B at energy+eV (electrons) or-¢V (holes) relative
to er. Thus tunneling charges injected wigV/| > 0 can
FIG. 2. Representative tunneling conductance traces, normabo into or come from barely metallic states in the Si:B

ized to the conductance at2 mV, from junctions at 1.15 K\ pannis close tar,. While thermal smearing of the Fermi
using the Si:B samples of Fig. 1. The thermal smearing funcs | d luted f Fig. 2. th | and il
tion has been deconvoluted as described in the text. The zef§Vel was deconvoluted from Fig. 2, thermal and possible

of conductance for each trace has been offset for clarity and itrinsic broadening o¢. will lead to a smooth transition
indicated on the left axis. from insulator to metal correlations in the conductance

spectra on barely insulating samplesvais ramped away
; - . . from zero. In this sense tunneling measurements tend to
1/2
Ilnea_rly against /%, with a fit by the AA'form fprN(s) underestimate,. compared to resistivity measurements.
yielding A = 40 ueV. The cusp shape is reminiscent of Returning to the behavior ne&t = 0 asn — n,, it is
ﬁﬂi:i(\)/xgh;oﬁnaga[})?‘] rLeeFt)glrlggdSi?g years ago in Schottky apparent that the low-energy behavior of the 96% and es-
J . - . pecially the 99% samples appear qualitatively out of place.
As n. is approached from below (i.en/n.=85% R,
939 aFId 96%), the curvature 6{V) rem.ains Cositive 1at Both are significantly more smeared and have larger zero-
andoﬁeaﬁ/ —Ood,emonstratin 2 parabolic aa pAs—» bias conductances than the spectra from samples with ei-
the ga c[)sés b narrowir? %s ox ec%eg.from ’iﬁe glher higher or lowern/n.. We emphasize that this trend
gap yn 9, P reproducible and is not a thermal smearing effect since
form, and the zero-bias conductance rises so that the gapaf/a(ev) was deconvoluted from Fig. 2. We observed
also fills in from the bottom. The gap filling is an ex- quantitatively similar traces on seven 99% junctions span-
ning four separate chips and on five 96% junctions on

2.5 P e e pected consequence of the temperature dependente of
[ T ,,,--"1'10%: T) and should occur at any nonzero measurement temper-
L "\.\ .,-" 1 ature [17]. Also evident is the disappearance of distinct
) 0'_ \.\ \_\ / /.163%_- shoulders as — n. from below. In fact, the higher en-
gl NN ] ergy (i.e.,|V| >1 mV) parts of the spectra on the 96% and

G(V)/ G(+2 mV)

shown more definitively in Fig. 3, wher@(V) is plotted

N e e ] three separate chips. No spectra with sharper character-

10 i_gox,/ ] ] istics than those shown were observed on junctions with

~ FSOse W =99% ] these two concentrations.

E 30 :_gz::. ’ ] This additional smearing and large zero-bias conduc-
s [ 00 s ] tance on the insulating samples closest to the MIT present

& woF () ] a challenge to explain. The most helpful additional clue
S r A= 40wV ] is the frequency dependence depicted in the inset of
S o T=115K ] Fig. 3, which shows the zero-bias conductance of a 99%
r o/n =110% E junction, measured dynamically using a conventional ac

obi o lock-in technique, as a function of excitation frequency.

00 05 10 1.5 20 25 3.0 The conductance increases rapidly with frequency be-

V2 (my'?) tween 10 Hz and 100 Hz, becoming nearly frequency

_ - . independent above 200 Hz. Junctions on samples of ei-
Fig. 3. A plot of the positive bias tunneling conductance fromther higher or lowern /n. had much less pronounced fre-
the 110% sample as a function Bf/2. The line is a fit by the quency dependence. While the frequency response of a

Altshuler-Aronov and McMillan density of states, yielding a [ iunction i IV that of I&C circuit
correlation energy parametd&r = 40 weV. Inset: Frequency unnel junction IS normaily that or a para cireutt,

dependence of the zero-bias conductance for a junction mad8€ higher frequency conductance saturation in Fig. 3 (in-
on a 99% Si:B chip. set) can only be fitted by a seri€C circuit, indicating
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that the observed behavior is not a property of the capadng the mobility edge when the Fermi level is sufficiently
itance from the Si@barrier alone. Fitting to a serié®C  close. Very close to the critical density, the conductance
circuit model yields a capacitance nearly 2 orders of magelose to zero bias becomes unusually smeared and shows a
nitude larger than the 20 nF appropriate to the geometrgignificant frequency dependence at low frequency. This
of the device and the dielectric constants of $&Dd pure implicates the excess long wavelength screening caused by
Si. This fact strongly suggests that the divergence a6 the dielectric constant divergence as important to the de-
n — n_ plays an important role very close to the MIT.  gree of Coulomb interactions.
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