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Electric-field effect in ultrathin films near the superconductor-insulator transition
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The effect of an electric field on the conductance of ultrathin films of metals deposited on substrates coated
with a thin layer of amorphous Ge was investigated. A contribution to the conductance modulation symmetric
with respect to the polarity of the applied electric field was found in regimes in which there was no sign of
glassy behavior. For films with thicknesses that put them on the insulating side of the superconductor-insulator
transition, the conductance increased with electric field, whereas for films that were becoming superconducting
it decreased. Application of magnetic fields to the latter, which reduce the transition temperature and ultimately
quench superconductivity, changed the sign of the reponse of the conductance to electric field back to that
found for insulators. We propose that this symmetric response to capacitive charging is a consequence of
changes in the conductance of thea-Ge layer, and is not a fundamental property of the physics of the
superconductor-insulator transition as previously suggested.
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Investigations of the effect of a perpendicular appli
electric field on insulating granular Au films1 and amorphous
In2O3 films2 revealed that the conductance increased for b
polarities of field. This symmetric response was ascribed
nonequilibrium transport phenomena specific to very dis
dered systems. Long relaxation times and memory, aging
hysteresis associated with the symmetric response sup
the picture that these systems are Coulomb glasses with
equilibrium times.3,4 More recently, the inhomogeneous n
ture of charge transport and the slow relaxation in such s
tems has been studied theoretically5,6 and experimentally as a
function of disorder and magnetic field.7,8

A similar symmetric response to an applied electric fie
was found in ultrathin amorphous films of Bi and Pb Re
9,10 grown on amorphous Ge (a-Ge). We speculated that i
such very resistive films the variation of the conductan
with electric field was proportional to the dependence of
electronic density of states on energy, since the excited s
caused by the applied field cannot relax in very gla
systems.10 This conjecture has been substantiated by rec
simulations of the time development of the Coulomb gap
a Coulomb glass.5 There are several problematic aspects
this interpretation: in ultrathin films of Bi and Pb, the sym
metric response persisted into regimes where the glassy
havior vanished, such as at high-temperatures and in m
conductive~thicker! films. Furthermore, when the films wer
thick enough to become superconducting, the respo
changed sign and the conductance above the transition
peraturedecreasedas a function of the applied electric field9

The largest-fractional-conductance modulation was obse
deep in the insulating regime, and it decreased as film th
ness increased and the insulator-to-superconductor trans
was approached. At the transition, the symmetry dis
peared, and for a small range of thicknesses around the
sition, the field effect was approximately antisymmetric, b
fore changing sign in films that were thick enough to
superconducting at low temperatures. The carrier densit
these studies could not be increased enough to drive a
superconducting film into the superconducting state, alm
certainly a consequence of the high density of trapping si
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A qualitative interpretation of these results that was p
sented, included consideration of the possibility of Coop
pairing in insulating films and symmetry between the ins
lating and the superconducting states.

Here we report on investigations of the electric-field e
fect in ultrathin films of Bi at temperatures that traverse
range of temperatures an order of magnitude lower in te
perature than those of our previous work. In addition,
superconductor-insulator transition was tuned not only
changing film thickness, but by the application of a perpe
dicular magnetic field. Films thick enough to become sup
conducting and exhibiting a conductance above their tra
tion that decreased with applied electric field, were made
revert to the behavior of insulating films whose conductan
decreased with electric field. This ensued on application o
perpendicular magnetic field. Although these results ar
consistent extension of earlier work, they lead to a differ
interpretation. We now propose that the symmetric respo
to an electric field for both superconducting and insulat
films is due to the conductivity of the amorphous Ge lay
being increased by capacitive charging, rather than any
derlying symmetry between the insulating and supercond
ing states.

These investigations were carried out on a series of ul
thin Bi films, evaporated on top of a 10-Å thick layer o
a-Ge, which was predeposited onto a SrTiO3 ~100! substrate.
The substrate temperature was kept below 20 K during
depositions, and all of the films were grownin situ under
ultrahigh vacuum conditions (;10210 Torr). The film thick-
ness was gradually increased through successive depos
in increments of 0.1–0.2 Å. Films grown in this manner a
believed to be homogeneous, since they become connect
an average thickness of about one monolayer.11

For capacitive charging studies, the electric field was
plied perpendicular to the plane by biasing the film relat
to a 100-nm thick Au-metal gate on the back of the SrTi3
substrate, which was 0.75 mm thick. Even though these s
strates are of macroscopic thickness, a substantial charge
be induced at relatively low-gate voltages because of th
high dielectric constant below 10 K (k«0;8000–20 000).12
©2001 The American Physical Society01-1
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Resistance measurements were carried out between d
sitions using a standard four-probe dc technique. Low-b
currents (,50 nA) were used to avoid Joule heating of t
sample and to make sure that the voltage across the sa
was a linear function of the applied current. As the fi
thickness increased from 7 Å to 15 Å, thetemperature de-
pendence of the resistance of the system changed from
latorlike (dR/dT,0) to superconductor-like (dR/dT.0) at
low temperatures.13 There was no sign of the quasireentra
behavior observed in granular films.14 In order to study the
electric-field response of a film across the magnetic-fi
driven superconductor-insulator transition, we focussed
films that were superconducting in zero field, but could
driven insulating by applying a magnetic field perpendicu
to the plane of the sample.15

The sheet resistance of a representative film as a func
of temperature at different magnetic fields is shown in Fig
In zero field, the resistance decreases as the temperatur
creases, indicating the onset of superconductivity. At
lowest temperatures, as the magnetic field is gradually
creased, the temperature coefficient of the resistance,dR/dT,
changes sign, indicating insulating behavior.

The change in the conductance with gate voltage in z
magnetic field of the same film at four temperatures is sho
in Fig. 2. It is evident that the conductance decreases w
applied gate voltage at temperatures for whichdR/dT.0
~compare to the zero-field curve in Fig. 1.!, and the effect
becomes smaller at higher temperatures. This is similar to
result Martinez-Arizalaet al.,9 obtained for superconductin
Pb films. No relaxation effects were observed when g
voltage was applied in this regime.

The change in conductance as a function of gate volt
at a temperature of 0.15 K in different magnetic fields
shown in Fig. 3. The conductance is found to decrease
both polarities of the gate voltage in low fields, even thou
the effect is not perfectly symmetric. At some value of t
magnetic field, wheredR/dT is still positive, but small, the
effect becomes approximately antisymmetric. The data
positive polarity of the gate voltage look remarkably simi
to the data shown in Fig. 2, even though the sample

FIG. 1. Sheet resistance as a function of temperature for a 1
thick Bi film in different magnetic fields: 0, 1, 2, 3, 4, 5, 8, 11, an
12 kG, from bottom to top.
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driven into the insulating state by increasing the magne
field in one case, and by increasing the temperature in
other.

In a magnetic field that is high enough to bring the sam
into thedR/dT,0 regime, the conductance increases as
gate voltage is applied, as shown in Fig. 4. Even though
effect is relatively small, it is reproducible. The results a
remarkably similar to the case when the superconduc
insulator transition is tuned by changing the film thicknes9

Furthermore, similar results are obtained if the sample
driven out of the superconducting state by increasing
temperature. The sign and value ofdR/dT seem to indicate
whether the field effect will be positive or negative, an
whether it will be symmetric or antisymmetric.

We now address the physical nature of the capaci
charging experiment. In particular we will consider the iss
of why the conductance-gate-voltage characteristic
sembles the density of states of a disordered system.
Efros-Shklovskii density of states~DOS! for two-

-Å FIG. 2. Fractional change in conductance of a 14-Å thick
film as a function of gate voltage at 0.15 K~triangles!, 0.2 K ~dia-
monds!, 0.3 K ~squares!, and 0.4 K~circles!.

FIG. 3. Absolute change in conductance of a 14-Å thick Bi fi
as a function of gate voltage at 0.15 K in zero magnetic fi
~circles!, and in a perpendicular magnetic field of 1 kG~squares!, 2
kG ~diamonds!, 3 kG ~crosses!, and 4 kG~triangles!.
1-2
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dimensional disordered systems is a V-shaped entity with
apex centered on the Fermi energy (EF).16–18 Conductance
studies do not usually probe the DOS of electronic syste
since disturbances to the electron-energy-distribution re
and carriers added during a measurement are qui
screened.19 This does not occur in the case of tunneling,
the physical process, characterized by the tunneling time
short in comparison with the time-of-charge relaxation. A
consequence, tunneling is the standard approach to the
surement of the density of states.20–25

The usual situation in a capacitive-charging experimen
one in which the electron-distribution relaxes after the g
voltage and carrier-concentration are changed. The
carrier-concentration determines the value of the chem
potential, and the minimum of the DOS tracks that n
value.16 We pointed out earlier that in glassy systems w
long relaxation times, there may not be a path from the
cited state resulting from injected carriers back to the stat
minimum free energy, because of barriers in the free-ene
landscape. Thus changing the gate voltage would cha
EF , but the minimum of the DOS would not track it. In th
circumstance, if the conductance were proportional to
density of states, as is the case in the hopping regime26 a
simple field effect conductance-modulation study could m
out the dependence of the DOS on energy. Indeed, re
simulations have shown that the time development of
Coulomb gap in the DOS can involve very long time sca
due to electron hopping and rearrangement.5

In the case of the ultrathin films of metals deposited
top of a thina-Ge layer grown on a SrTiO3 substrate, the
geometry is very critical to understanding the evolution
the response to capacitive charging. For the very thinn
films, the order of a 10-Å thick layer of metal on top of a 6-
to 10-Å thick layer ofa-Ge, the system behaves as an el
tron glass, and the conductance modulation, which can
significant fraction of the total conductance, is a direct m
sure of the DOS by the argument given above. The relev
density of states is in effect with that of thea-Ge layer, with
the metal layer acting as a source of electrons. In fact,

FIG. 4. Absolute change in conductance of a 14-Å thick Bi fi
as a function of gate voltage at 0.15 K in a perpendicular magn
field ranging from 1 kG~bottom! up to 12 kG~top!.
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neling measurements of the electronic density of states
amorphous Ge12xAux show a very similar shape as a fun
tion of the gate voltage as that found in our experiment21

The response is symmetric in voltage because of the sym
try of the DOS for a disordered system.

As film thickness is increased, the glasslike response
the conductance disappears, but there is a small conduct
change that still exhibits a V-shape, characteristic of the D
of a disordered system. This behavior can be understoo
one appreciates the continued presence of thea-Ge under-
layer, in which charge can be confined. When the gate v
age is increased, charges are drawn out of the electro
connected to the film, and the metal-film’s carrier concent
tion is changed by a small amount. The gate voltage and
effective capacitance to the gate determine the amoun
charge in thea-Ge layer, which determines the chemical p
tential. The metal layer permits a rapid change of the che
cal potential, but internal to thea-Ge the charges have a lon
relaxation time, because thea-Ge is extremely disordered
and separated from the metal film by a Schottky barrier.27 By
the arguments given above, this results in changes in
conductance of that layer proportional to its DOS. The to
fraction of the modulation of the conductance attributable
the a-Ge layer is only a small fraction of the total condu
tance, so the overall effect is small.

When the metal film becomes superconducting ot
physics comes into play. Increasing or decreasing the g
voltage from zero increases the conductance of thea-Ge
layer. The combination of the superconducting layer and
a-Ge layer can be considered to be a proximity sandwi
Increasing the conductance of thea-Ge layer will make it
more metallic, causing the electrons in the sandwich to h
a higher probability of being in thea-Ge layer. Thus the
average-attractive electron-electron interaction that t
experience will be reduced, lowering the effective transiti
temperature of the sandwich. The proximity of a metal
layer has been shown to reduce the superconducting tra
tion temperature28 in some cases. At fixed temperature, in t
regime where the resistance is decreasing with decrea
temperature, a reduced transition-temperature derived f
capacitive charging, will result in an increase of the res
tance with increasing gate voltage~of either sign!. Thus the
effect of initiating the superconducting transition in the ove
lay film is to flip over the V-shaped response to the g
voltage. Again, because thea-Ge layer at this point contrib-
utes only a small part of the total conductance of the co
posite film, the effect is small. Correspondingly, quenchi
superconductivity with a magnetic field, flips th
conductance-voltage characteristic back to its behavior in
insulating regime.

It should be noted that the original goal of these studi
which was not realized, was to induce superconductiv
through changing the carrier concentration by capacit
charging. Superconductivity has been induced in a sim
experimental configuration by Scho¨n et al. in organic
crystals,29 but at much-higher gate voltages than were us
in our studies of ultrathin metal films. It remains the subje
of future investigations as to whether superconductivity c
be induced in ultrathin metal-films deposited ona-Ge by

ic
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capacitive charging, if the gate voltage were large enough
transfer sufficient charge to both fill all of the traps in th
a-Ge and change the carrier concentration in the metal la

In summary, we have performed a field-effe
conductance-modulation experiment on ultrathin films of
deposited onto amorphous Ge near the thickness- and m
netic field-tuned superconductor-insulator transitions. W
have swept through the superconductor-insulator transi
using a magnetic field, and we see the same change of sig
the field-effect response observed when the superconduc
insulator transition is traversed by changing thickness. T
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results of these studies together with our previous work
both Pb and Bi,9,10 lead us to propose that the small symme
ric response in this regime, where no glassy behavior w
observed, is due to increasing the conductivity of the in
lating amorphous germanium underlayer, rather than so
symmetry between the insulating and the superconduc
states.
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