PHYSICAL REVIEW B, VOLUME 64, 014506

Effect of granularity on the insulator-superconductor transition in ultrathin Bi films
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We have studied the insulator-superconductor trans{li®m) by tuning the thickness in quench-condensed
Bi films. The resistive transitions of the superconducting films are smooth and can be considered to represent
“homogeneous” films. The observation of an IST very close to the quantum resistance l‘olefa\irthe2 on
several substrates supports this idea. The relevant length scales here are the localization length, and the
coherence length. However, at the transition, the localization length is much higher than the superconducting
coherence length, contrary to expectation for a “homogeneous” transition. This suggests the invalidity of a
purely fermionic model for the transition. Furthermore, the current-voltage characteristics of the superconduct-
ing films are hysteretic, and show the films to be granular. The relevant energy scales here are the Josephson
coupling energy and the charging energy. However, Josephson coupling endfgieanl the charging
energies E.) at the IST, they are found to obey the relat®p<E.. This is again contrary to expectation, for
the IST in a granular or inhomogeneous system. Hence, a purely bosonic picture of the transition is also
inconsistent with our observations. We conclude that the IST observed in our experiments may be either an
intermediate case between the fermioinc and bosonic mechanisms, or in a regime of charge and vortex
dynamics for which a quantitative analysis has not yet been done.
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[. INTRODUCTION superconducting. This behavior has been explained by the
fact that individual grains go superconducting at the bk
The interplay between disorder and superconductivity inand phase coherence is achieved locally but not across the
two dimensions has been an active field of study during thentire sample. Competition between Josephson coupling en-
last decade. Weak localization in two dimensibissa phe- ergy E; and charging energi, is known to be the driving
nomenon where electronic states are localized by any arbforce for zero temperature phase transitions between the su-
trary amount of disorder in the absence of interaction, resultperconducting and insulating states in artificial arrays, films,
ing in nonmetallic behavior. Superconductivity is an effect inand bulk materials. Due to Cooper pairing, there are no free
the opposite extreme, in which phase coherence is estaklectrons in these systems, and conduction is due to the tun-
lished due to electron-electron interaction, across the entireeling of Cooper pairs from one superconducting grain to
length of the sample. The interplay between these two opanother. In such films, the intergrain capacitance is usually
posing phenomena has led to various interesting rebults. larger than the capacitance of the grain to ground. This
When quench condensed, the properties of many elementharging energy opposes this tunneling, so that the pairs may
change drastically. Some elemefisy., Ga show enhanced become localized. This mechanism is referred to as the
superconducting transition temperatures, whereas othek®sonic mechanism of the suppression of superconductivity.
(e.g., B) are found to be superconducting only in amorphous On the other hand, homogeneous films show smooth tran-
form? Ge and Sb which are not superconducting in amorsitions to the zero resistance state. However, in homoge-
phous or crystalline forms, show signs of superconductivityneous filmsT.. is greatly suppressed from the bulk value as
when mixed with materials such as Au, Cu, and Ag. Signathe films are made thinner. Conduction in these ultrathin
tures of superconducting transitions have been observed iilms is completely different from bulk materials, and trans-
noble metal thin films when deposited at room temperatureport mechanisms such as hopping conduction, classical per-
on Ge substrates also. Strongin and co-workers first studiecblation dominate the properties. In these materials, screen-
quench condensed films grown on thin Ge underlayeks. ing is reduced due to the disorder, resulting in a decrease of
variety of materials and substrates were investigated, the inthe attractive interaction required for Cooper pairing. This
portant finding being that films grown on Ge, SiO showedreduces the transition temperature. This mechanism is com-
measurable conductance even when they were a few monpietely different from the previous one, since the key idea
layers thick, but films on glass, LiF showed measurable conhere is the complete disappearance of Cooper pairs.
ductance only at higher thicknesses. Therefore, films quench The insulator-superconductdiS) transition has been ex-
condensed on underlayers such as Ge are classified as “htensively investigated over the last decade, in a variety of
mogeneous” and films grown directly on substrates, “granu-systems such as thin film¢, single Josephson junctidn,
lar.” arrays® and one-dimensional wirésThe transition can be
There are some important differences between these “hauned by changing a parameter such as disordetrier
mogeneous” and “granular” films, which have been concentratiot? or applied magnetic fieltt At very low
reported* Granular superconducting films show “local su- temperatures this transition can be considered a continuous
perconductivity,” i.e., a drop in resistance at the bulk tran-quantum phase transitidA.A putative film with aT,=0,
sition temperaturébulk T.) value, but develop an upturn at separates the films showing insulating behavior from those
lower temperatures. Thicker films eventually go completelyshowing superconducting behavior.
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IIl. EXPERIMENT AND OBSERVATIONS 10° & \

In this paper, we report results on the insulator- 10 L \\\0\ %N\% o
superconductor transitioihST), tuned by changing the thick- \ ’ o d=14a
ness of quench-condensed Bi films. The resistive transitions 10¢ L \ e :N\o\\\
of the superconducting films are smooth and can be consid- & F>~ b o T ]
ered to represent “homogeneous” films. The IST occurs 5 105 L ’ ““”‘"\ow%_:::;f—°-°-°~
very close to the quantum resistance for pﬁi%v h/4e? on § ; T
several substrates. The IST in homogeneous films can be -2 10
imagined as the point where the effect on the transport prop- & F
erties, by the localization of electrons and superconducting 3 10°
coherence become comparablé? However, at the transi- A, f ;
tion, the localization length is found to be much higher than 10 i 158 4= 85a
the superconducting coherence length, contrary to expecta- 10" | 1
tion for a “homogeneous” transition. This suggests the in- | I
validity of a purely fermionic model for the transition. Fur- 100 L I ! L
thermore, the current-voltage characteristics of the 6 8 10

superconducting films are hysteretic, and show the films to T(K
be granular. The relevant energy scales here are the Joseph- (K)

son coupling energy and the charging energy. However, Jo- G 1. Insulator-superconductor transition for a set of Bi films

sephson coupling energie€) and the ch..arging energies quench condensed at 15 K on quartz substrates predeposited with a
(Ec) atthe IST, are found to obey the relatiBg<<E.. This 15 A Ge underlayer.

is again contrary to expectation, for the IST in a granular or

inhomogeneous, system. Hence, a purely bosonic picture @fensed on 10 A of Ge underlayer. Even though there are
the transition also appears inconsistent with our observa;. iations in the value oRY and transition temperaturb,

tions. between films of same thickness quench condensed on dif-

The experiments were done in a URV cryostat, customyy o substrates, the value Bf is found to be close to
designed foiin situ experiments and is described in Ref. 15. h/4e? for Bi films quench condensed anquartz,a quartz

Pumping is provided by a turbomolecular pump, backed b3(/vith 10 A Ge underlayer, and films quench condensed on a

an 0|I-fr<-:‘<el(3)|§é)r_l1_ragm putr)np. é‘ gorgplﬁlely h%/dtrociar_bon freesolid inert layer of Xe in our experiments. The evolution of
vacuums= orr can be attained. The substrate 1S amor—RD vs T for all the films look similar to the ones shown for

phous quartz of size 2.5 ca2.5 cm and is mounted on a ge underiayer.

copper cold finger whose temperature can be maintaine The su - - -

. N . perconducting transition temperatures of thin films
down to 1.8 K by pumping on the liquid helium bath. The decrease as the thicknedsis reduced RY is increasef
material (Bi) is evaporated from a Knudsen-cell with a py- Strong disordexhigh R% or low thicknessd with kel <1)

rolytic boron nitride crucible, of the type used in molecular ) . ) . .
beam epitaxy(MBE). Bi is evaporated from the cell at !ocahzes electron wave functions, increases inelastic scatt.er—
650 °C, into a four-probe resistivity measurement pattern b)wg rate, suppressa$(E) (the density of states near Fermi

using a metal mask in front of the substrate. Successive i gnergyEF) and ultimately causes a metal-insulator transi-

uid helium and liquid nitrogen cooled jackets surrounding ion. The destructive effect of increasing normal state sheet

the substrate reduce the heat load on the substrate and plrg_sistance on supercqnductivity in ZD. has been treated theo—
vide cryopumping. This produces an ultimate pressuréet'ca"y as a competition between disorder and interaction
~10"°Torr in the .system The metal flux reaching the sub_effects. It has been shown within the frame work of the BCS
strate is controlled using a carefully aligned mechanical shutt—.heo.ry that we;ak localization of glectrons leads 1o an effec-
ter in the nitrogen shield. The thickness of the film is in- Ve Increase in Qoulomb repulsion, and corresp07nd|ng de-
creased by small amounts by opening the shutter for a timg;‘ease r']n trr?nslltlon .temger?tur'éch I:t;nll<kel STte"Jr fh?s
interval corresponding to the desired increase in thickness. & Otht atlt e lowering of ; from the bulk valueT, fol-
quartz crystal thickness monitor measures the nominal thick®WS the relation
ness of the film. Electrical contacts to the film are provided

through predeposited platinum contact padssQ A thick). (r/2)%2 12r

Ge underlayers are deposited on one side of the substate ( ( + )

quart? before loading the substrate into the cryostat. Sepa- Te B 1 y—ri4 1
rate electrical connections to films on Ge and on bare T_Co_ex N ’ @
quartz allow us to study both the films simultaneousiy’s ( 1- )

and electrical resistance measurements are done using a stan- y—rl4

dard dc current sourc&Keithley model 220/22pand nano-

voltmeter (Keithley model 182 and elctrometerKeithley =~ where r is the reduced film sheet resistance (

model 6514, =RYe?27?h, measured in units of~81kQ) and y
Figure 1 shows the IS transition in Bi films quench con-=1/In(kT.,7/27%) characterizes the ratio of the bulk critical
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FIG. 2. T¢ /T, for films on Ge anch quartz, plotted againstthe ri 3 set ofi-V curves for superconducting Bi films which

reduced resistance. The solid lines show the predictions Oghows hysteretic behavior. The number beside éaetis the film
Finkel'shtein’s theory for different values of See text for details.  hikness in A

temperaturel ., and the elastic scattering frequency®. Bi  of an underdamped resistively and capacitively shunted Jo-
in bulk, crystalline form does not superconduct and thesephson junctiofRCSJ.2*22In our case, due to the large
“bulk” critical temperature is normally taken to be the thick area of the film, the realization is that of a Josephson junc-
film value of 6.10 K. The important observation from this tjon array, with values oE; andE that are characterized by
equation is that the reduction @t from its bulk value does some distribution, the characteristics of which are deter-
not depend on any intrinsic material property and only deined by the morphology of the film. Our analysis of these
pends onr. I-V’s in terms of an RCSJ model has been publishiethis
From this equation we can calculate the reductioin  syggests that the film is granular. Further evidence for its
(from the bulk valueT ) for two types of films, films on Ge granular character is discussed below.
underlayers and for films on baeequartz. The purpose of
showing the data for two different substrates will be dis-
cussed later. This is plotted against the reducdof Eq.
(3.9] in Fig. 2. The solid lines show the function for differ-  We now discuss these results in the framework of existing
ent values ofr. From the figure it is clear that except for a models or theories for the IST. Before moving on to this
small region for the films on bare quartz, the results are nogliscussion, we present results on the structure and morphol-
consistent with the Finkel'shtein theory. Finkel'shtein’s ogy of the films, as inferred from reflection high energy elec-
theory was based on a homogenous two-dimensional disotron diffraction(RHEED). Structure and morphology are im-
dered system with uniform thickness. If it is believed that theportant parameters, that can influence the properties of the
presence of a Ge underlayer facilitates a homogenous filfiims, and therefore, conceivably the IST as well. RHEED
growth, at least these films should have shown reasonable #tudies on Bi films, grown on various substrates and under-
to the theory. But we find that such is not the case. This caayers, show that the Bi is almost amorphous. A RHEED
be understood by the fact that the “homogeneity” of the picture is shown in Fig. 4. Based on the Scherrer formula for
films might be at length scales smaller than the typical therthe peak broadening, we estimate that films thicker than 10
mal length scale, important for electron-electron interactiond are composed of clusters that vary in size from 25 to 100
(VDI 7kT), which is of the order of a few hundreds of A at A .1® Since the information obtained is in reciprocal space, it
these low temperaturéd For the films on bare quartz, in the is difficult to comment on the real space surface morphology.
small region where Finkel'shtein’s theory seems to fit, aOur RHEED observations are consistent with previous STM
value of —1/y=9 gives a mean free path ef10 A, con-  work.*® We therefore assign an average size to the clusters of
sidering a free electron model. 50 A . This yields a spacing between clusters of approxi-
Thel-V characteristics were obtained at 2.25which is  mately 150 A (considering hemispherical clusters, and using
well below theT,) for all the films. They are plotted in Fig. conservation of deposited matejidbr a film close to the
3. When current is increased from the zero value, the voltageST, which has a normal state resistance of 6.2%. k turns
jumps to the normal state value at the critical currd).(  out that these parameters, the size of a grain or island, and
Upon reducing the current from the normal state, the voltagéhe average distance between islands are important param-
returns to zero not at;, but at a much lower valug,,,. eters, a fact that is obvious for the bosonic mechanism.
These observations are consistent withlthécharacteristics Our observations suggest that the film can be considered

Ill. DISCUSSION
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FIG. 4. The RHEED picture from a typical superconducting Bi
film during growth. At least one diffuse ring is clearly visible. Sheet resistance (Ry)

i . . FIG. 5. The variation of the ratio of the Josephson coupling
as a random array of Josephson junctions, which are shunt%qergy to the charging energg(/E,) with the normal state sheet

by a resistance. Consequently the resistively and capacitivebgsistancer,, for the films in Fig. 1. The arrow indicateRy
shunted junctiofRCSJ modef® can be used to describe the =p/4e2.

hysteretic behavior of thé-V curves, with the capacitance
being the intrinsic capacitance of the junction. From the raticand 0.33 for Mott variable range hopping. In the weak-
of Imin/lc, the value of the admittance ratigg) can be |localization regime, the conductivity shows a logarithmic de-

calculated?®~*?Here 8= w.C/G, wherew, is (2e/#1)I.Rs.  pendence on temperature,
C is the intergranular capacitance a@dthe normal state
conductance of the array. We wish to point out that these are o=og+e?pIn T/(mh) (2

lumped parameters, which characterize the whole A8 herep is a coefficient determined by the scattering mecha-
From the values of3, the intergrain capacitance is calcu- P y 9

: o2 nism for electrons. In estimating the localization length, we
lated. The charging enerdy(=e"/2C) and the Josephson neglect interactions. In previous work, which involved stud-

co_upllng energyE_J=hIc/2e are calculated for all the_ f|Im_ ies of quench condensed films on different substrates whose
thicknesses studied. These values are calculated using smgﬁa

) . electric constants varied from 1(%or solid Xe underlay-
value ofC andG, which correspond to capacitance and con-
) erg to 15 (for Ge underlayeps we have demonstrated that
ductance of the arrayC and G will have a range of values,

the distribution of these values and the moments of the dist—he IST is robust and unaffected by the dielectric constant of

o . , : the substraté® This is our justification for neglect of inter-
tribution will of course depend on film thickness. We mea-_ . ; YR
o : . - actions. We use the theory of Wie and Vollhardt® which
sure the critical current, for different films atT=2.0 K

(lower thanT, for all the thicknesses studigdnd caI(_:uIate d:zsc(;{:lzeisnigfagﬁgﬁ.'t?g efirrogsvt\:ﬁ?g to strong localization, ne-

the relevant energy parameters such as the charging eneray

(Eg), Jpsephson coupling energ;ﬁ, etc. Figure 5 shows. #1(e2Re) = U2m)[In(1+y)](1+y)exp —y), (3)

the ratio of the Josephson coupling energy to the charging

energy vs the sheet resistance for the films quench condensatherey=L/§,.. o iS @ localization length, related to the

on Ge underlayer at the temperature where Ithés were  elastic mean free path | b§f,.=| exp(wkgl/2), wherekg is

acquired, T=2.25 K. We find that even though the IST oc- the fermi wave vector. Here the sample size is regarded as a

curs nearR., the relevant energy scales become equal at autoff length due to inelastic scatteritg=DT P, where D

much higher thickness. This suggests that the purely bosonis a diffusion constant for electrons. Knowing the resistivity

mechanism may be an incorrect picture for understanding that a suitably high temperatufeshere there is no observable

destruction of superconductivity in these films. We next in-temperature dependencand its variation with temperature

vestigate the validity of the fermionic mechanism. (at lower temperaturgsthe various parameters can be deter-
To check whether the fermionic mechanism is a goodmined.

representation of the physical mechanism, we estimate We determine the superconducting coherence length from

the electron localization length from the high-temperatureupper critical field data, which has been presented in a sepa-

resistance data. In strongly disordered films, the temprate publicatiorf> We have determineB,(T) of our films,

erature dependence of the resistivity is of the formfrom the resistive transition in a perpendicular magnetic

R=R, exd (T,/T)*], wherea varies from 0.75 for collec- field. The convention that we have followed is to defg

tive variable range hopping, 0.5 for hopping dominated byas the field at which the sheet resistance is half its normal

Coulomb interactiongEfros-Shklovskii correlated hoppihg state valueR% . We then use the Ginzburg-Landau definition
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10° ¢ be quite different for Bi films on Ge ana quartz, since the

3 A N dielectric constants of the two materials differ by a factor of
Localization length 3. In Fig. 1, we show fits to Finkel'shtein’s theory for these

* two substrates. We reiterate the point that the fits are reason-
Coherence length able only over a small region, for the quartz substrate. Since
we expect the tunneling conductances to differ, we expect to

be in a regime where the model of Feigel'metnal. may be

\ relevant. The large tunneling conductances between the sub-
strate and the superconducting islands results in disorder en-
hanced multiple Andreev reflection. In our studies, we have
used several substrates, ranging from solid xenon to Ge, but
\ we still observe a robust IST close to a thickness of 25 A

A~ and aRy of h/4e2.% Over this range of dielectric constants,
it is natural to expect the island substrdteg underlayer
E tunneling conductance to vary substantially. However the ro-
ot L i e bust nature of the IST suggests that Andreev reflection and

10 10° 10* 10° 10° the associated physics is not relevant in our case.

Considerations of phase fluctuations in arrays of regular
as well as random Josephson junctions have shown that both
vortex-unbinding transition, as well as the charge unbinding
transition can occuf® Both of these transitions can occur,
depending on the ratio between the charging energy and the
Josephson coupling energy. Fazio and Schon have set a limit

of Bop(T)=®,/(27&?), to determine the coherence length. for E;/E, of 2/7? for the boundary between the insulator
Figure 6 shows the variation of the superconducting coherand the superconductor. In our case, the transition occurs at a
ence length and the localization length with sheet resistanc@mall E;/Ec=10"2. At such small values, Cooper pairs are
of the films. We note here that the coherence lengths of thexpected to remain frozefmo long range phase ordebut
thinnest films which show a decreasing resistance with temthe single electron dynamics is the same as in the normal
perature, cannot be measured experimentally, since the lovatate, resulting in an insulating stéfeln our experiments,

est temperatures accessible to us in our apparatus is 1.6 W€ are in a regime where the normal state conductance is
We therefore extrapolate the coherence lengths to highelose to 1, the films are granular, aig/E. is very small.

sheet resistances. From the behaviok @it lower sheet re- This is a regime for which a quantitative analysis has not yet
sistances, this approximation is clearly justified. As is evi-been done. Since an experimental realization of this limit has

dent from Fig. 6, the IST occurs at a point where the localnow been observed, we hope that this work would stimulate
ization length is much larger than the coherence leggtiis ~ such an analysis. In this regime, where the normal state con-
800 A , whereag is only 25 A . The ratic,,./£ is 32 inour ~ ductance in high, single electron processes other than An-
study of quench condensed Bi films. This is to be contrastedreev reflection may be important.

with the results of Kagawat al,*®* who found a ratio of two

10*

Lengths (in A)
= 5 3
/[ e

©

—_
<
=3
T
—
>
/
l
»

Sheet resistance (Ry)

FIG. 6. Variation of the localization lengths and coherence
lengths with the normal state sheet resistaRgefor the films in
Fig. 1. The arrow indicateRy=h/4e?.

for Pb_ films. Whether this d_iffer_ence is dqe_ to the different IV. CONCLUSIONS
materials studied, or the differing deposition geometry, is
unclear to us at the present time. In conclusion, we find an IST very close to the quantum

Other models for the destruction of superconductivity inresistance for pairR~h/4e? for Bi films on several sub-
such granular systems have been considered for proximitgtrates, however, at the transition, the localization length is
arrays of varying geometryratio of the separation of the much higher than the superconducting coherence length.
superconducting regions to their siZ&?’ Although these This is contrary to expectation for the IST in a “homoge-
papers consider a mechanism that appears to be intermediateous” film. Therefore, we explore models other than a
between the bosonic and fermionic mechanisms discussqalirely fermionic model for the transition. The current-
above, there are several constraints on the sample geometrgltage characteristics of the superconducting films are hys-
and physical properties. The ratio of the spacing betweeteretic, and can be fitted to an RCSJ model, suggesting that
islands b, to the island sized should obey the relation the films are granular. In this case, the relevant energy scales
In(b/d)=3. In our films, this condition is clearly not met, here are the Josephson coupling energy) (and the charg-
since we havé/d~3, and Infp/d)~1. Further, the authors ing energy E.). However, at the IST, we find thaE,
consider a case where there is a fairly large tunneling con<E.. This is in conflict with the conventional model for the
ductance between the substrate and each superconductingiST in a granular or inhomogeneous system. A simple
land. This large tunneling conductance can help couple thbosonic picture of the transition is also inconsistent with the
islands, so that the conventional Coulomb blockade effect iseported observations. In the experiments reported here, the
suppressed. This is the physical reason for a mechanism faimensionless conductance is nearly unity, and the ratio of
the IST that is not purely bosonic. The tunneling conduc-Josephson energy to charging energy very small. This is a
tance between the islands and the substrate are expectedrégime which has not been investigated theoretically, due to
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