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Conduction mechanism in ultrathin metallic films

O. Pfennigstorf, A. Petkova, H. L. Guenter, and M. Henzler*
Institut für Festkörperphysik, Universita¨t Hannover, Appelstrasse 2, D-30167 Hannover, Germany

~Received 22 August 2001; published 3 January 2002; published 3 January 2002!

The conduction mechanism in ultrathin films may differ from bulk materials due to different effects: surface
scattering and quantum size effect should be considered. Also weak localization and superconductivity may be
important. All those effects are detected with the magnetoconductance. Therefore epitaxial Pb films have been
grown on Si~111! 737 in ultrahigh vacuum at low temperatures. With conductance and magnetoconductance
in situ those contributions are separated. Due to detailed structural informations from spot profile analysis of
low-energy electron diffraction the effect of film disorder and surface roughness is revealed for all scattering
processes.

DOI: 10.1103/PhysRevB.65.045412 PACS number~s!: 73.50.Jt, 73.61.At, 68.55.Jk, 61.14.Hg
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I. INTRODUCTION

Ultrathin metal films with a thickness of one or a fe
monolayers draw more and more interest, since they are
available as epitaxial films on insulating substrate and
therefore the best model systems for two-dimensional~2D!
conduction in metal systems. Additionally semiconduc
technology requires thinner and thinner films, so that
properties due to restriction to thicknesses of a few mo
layers get also technological importance. Since the deta
atomic structure and the restriction to a thickness sma
than the bulk mean free path may modify the transp
mechanism dramatically, the atomic structure and the e
tronic transport properties have to be measured on the s
films.

For the production of a film as perfect as possible
substrate should be perfect. Therefore the Si~111! 737 sur-
face has been selected, since it may be produced with l
step free areas. For a simple structure of the metal
chemical reaction with the substrate has to be avoid
Therefore only metals, which do not form silicides, such
Ag, Pb, or In, are suited for a fundamental study. Expe
ments with epitaxial Ag films have shown, that for ultrath
films weak localization and a metal insulator transition dom
nate the transport mechanism at low temperatures.1,2 The dif-
fusion of Ag at low temperatures is not very high, so that
formation of well ordered films at low temperatures is dif
cult. On the other hand Pb shows high mobility and for
readily dense monolayers on silicon.3 The growth even at
low T is layer-by-layer.4–9 Additionally the superconductiv
ity might give more information on the conduction mech
nism. Therefore epitaxial films of Pb have been produced
Si~111! 737 at low temperatures. The structure and the
fects of the films have been studied carefully with sp
profile analysis of low energy electron diffractio
~SPA-LEED!.8,9

The classic model for description of the conducti
mechanisms in metals is the so called Drude model. I
assumed, that the electrons have a mean free path, until
scattering process the additional velocity gained in an ex
nal electric field is randomized. A perfect crystal should yie
an infinite free path. All defects like point defects~vacancies,
interstitials, and foreign atoms!, line defects such as disloca
0163-1829/2002/65~4!/045412~8!/$20.00 65 0454
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tions, plane defects such as grain boundaries, and the
vibrations contribute to scattering. For thin films additiona
surface scattering and interference~weak localization and
quantization! have to be considered. Superconductivity is
bulk phenomenon, it may change due to film thickness a
structure. For thin films additionally the superconducti
fluctuations have to be considered.10,11Therefore the conduc
tance of the Pb films, fully characterized with respect
structure and defects during and after growth and annea
has been measuredin situ at temperatures between 4 and 3
K. Results with conductivity measurements are in t
literature.4–6,12,13The conductivity provides a first informa
tion. Measurements of the Hall effect show the changes
the band structure with film thickness.7 New Hall effect mea-
surements together with calculations of the band struc
will be published soon. Magnetoconductance results are
sented here, since they are the best tool to identify the s
tering mechanisms.

II. EXPERIMENTAL SETUP

For production of perfect epitaxial films Si~111! surfaces
in size of 15315 mm2 have been prepared in ultrahig
vacuum by annealing and flashing up to 1500 K of chem
cally oxidized samples. Using well oriented samples an
proper cooling cycle provided fairly step free surfaces,
checked with spot profile analysis of LEED
~SPA-LEED!.8,9,14 With a He cryostat the sample could b
cooled to 15 K during deposition of Pb and, after closing
the cooled shutter, to 4 K for measurement. For the electr
measurements the samples had four predeposited Mo
tacts in the corner for a van der Pauw measurement.15 The
temperature has been measured with a Pt~100! and a Si diode
at the bottom of the cryostat, which has been calibra
against a Si diode glued on a dummy Si sample in measu
position. The superconductivity of bulk Pb provided a p
fect check. Within uhv and at low temperatures the sam
could be shifted into a split coil magnet of 4 Ts for measu
ment of the magnetoconductance~Fig. 1!.

The films have been deposited at about 15 K. The c
ductance could be measured simultaneously. For magn
conductance the deposition has been interrupted, the sh
has been closed and the sample shifted into the super
©2002 The American Physical Society12-1
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ducting magnet. The structure of the film has been so
times checkedin situ before or after the electrical measur
ments. Most LEED investigations have been done in
separate uhv system reproducing the product
parameters.8,9

III. RESULTS

A. Annealed films

The measurement of the conductance during depositio
Pb onto Si~111! 737 at 15 K has shown, that the conductio
mechanisms changes with film thickness. This change is c
nected with structural changes, as shown in Fig. 2.13

The lower slope of conductance up to 4.5 ML is obvious
connected with the disorder in the growing film, as shown
the inset with LEED data. Since magnetoconductance
not possible to be measured during growth, the follow

FIG. 1. Experimental setup for production and measuremen
ultrathin Pb films on Si~111! 737 at low temperatures.

FIG. 2. Conductance of a Pb film during deposition onto in
lating Si~111! 737 at 15 K. Up to 0.7 ML no conductance is ob
served. Up to 4.5 ML the linear increase points to bulk defect s
tering. After recrystallization at about 5 ML the increase is stee
and more than linear. The inset shows the LEED intensity for de
sition at higher temperatures, so that the recrystallization start
ready at 3.5 ML~figure from Ref. 13!.
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data have been recorded after interruption of deposition.
clarifying the conductance mechanisms annealed films h
been studied at 7 K~if not indicated otherwise! and rough-
ness has been added by deposition onto annealed film
separate different contributions to the conduction mec
nism. Due to the lower temperature~after closing the shutter!
the superconducting contributions could be more clea
identified. As seen in the former studies with Ag films1,2 in
addition to thermal and roughness scattering weak local
tion has been expected as the dominant scattering me
nism. The fitting, however, has been completely unsatisfy
~Fig. 3!. In addition to an unreasonably high contribution
antilocalization no acceptable fit was possible. As soon as
superconduction fluctuations10,11 are included, using the
theories of Aslamov-Larkin16 and Maki-Thompson,17,18 a
perfect fit is possible~Fig. 3!. The correction of the conduc
tance due to superconducting fluctuations is given by As
mov and Larkin16 as

FIG. 4. Contributions of weak localization~WL! and of super-
conducting fluctuations according to Maki-Thompson~MT! and
Aslamov-Larkin ~AL ! to the magnetoconductance as shown
Fig. 2.
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-
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r
-
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FIG. 3. Magnetoconductance of a Pb film~3 ML! at about 6.8
K. The best fit using only weak localization~dashed line! is called
Hikami fit, a perfect fit~solid line! is only obtained by inclusion of
superconducting fluctuations. Here the conductance quantumL00

52e2/h50.781024 A/V has been used for the ordinate.
2-2
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CONDUCTION MECHANISM IN ULTRATHIN METALLIC FILMS PHYSICAL REVIEW B 65 045412
DAL~B!5L00p
2/4 ln~T/TC!$2B4 /B2~2B4 /B!2@C~1

1B4 /B!2C~1/21B4 /B!#21/2%. ~1!

B4 is calculated from

B452kBT ln~T/TC!/peD. ~2!

B4 is the field corresponding to the superconducting fl
tuations andkB is Boltzmann’s constant. The second corre
tion due to superconduction fluctuations is due to the the
of Maki and Thompson17,18

DMT~B!5L00p
2/4 ln~T/TC!B4 /~B42B3!

3@ f ~B4 /B!2 f ~B3 /B!#. ~3!

B3 is taken from the theory of weak localization, it contai
inelastic and magnetic scattering. The temperature de
dence has been calculated by Ebisawaet al.27

DLMT5L005p2/4 ln~T/TC!2d ln@ ln~T/TC!/d# ~4!

with the pair breaking parameterd

FIG. 5. Elastic scattering timest0 for annealed Pb films on
Si~111! 737 at about 7 K. For the calculation with the Drud
model ~upper solid line! the mean free pathl 0 is set equal to the
film thicknessd.

FIG. 6. Inelastic scattering timest i for annealed Pb films on
Si~111! 737 at about 7 K. For films close to the superconducti
transition temperature the fitting procedure obviously did not w
properly.
04541
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d5p\/8kBTt i . ~5!

The fluctuations yield a correction to the conductance, us
both the theories of Aslamov and Larkin and of Maki a
Thompson. The fit using both weak localization and sup
conducting fluctuations provides all essential scattering
rameterst0 , t i , tSO, andTC .

The fit provides due to its high precision detailed info
mations on the relevant scattering parameters as elastic
tering timet0, inelastic scattering timet i , spin-orbit scatter-
ing time tSO, superconducting transition temperatureTc ,
even when that temperature is lower than the temperatur
measurement, and the contributions of weak localization
superconducting fluctuations to the actual conductan
Those contributions are shown separately in Fig. 4.

The contributions of superconducting fluctuations are
larger, the closer the temperature is to the transition temp
ture of superconductivity as seen, for example, in Fig. 9. T
magnetoconductance has been measured for many film th
nesses after annealing up to the temperature of highest
ductance~150 to 300 K depending on film thickness!. After
overheating the conductance decreases again due to is
formation. The following figures show the scattering tim
and the transition temperatures for well annealed films.

In Fig. 5 the elastic scattering timest0 are shown. For
disordered films~up to 3 ML! a constant and very low sca

k

FIG. 7. Spin-orbit scattering timestSO for annealed Pb films on
Si~111! 737.

FIG. 8. Transition temperatureTc for superconductivity for Pb
films on Si~111! 737.
2-3
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tering time is found. It points to a constant bulk mobility,
that surface scattering is not important. The films withd
.4 ML are epitaxial and show a scattering time prop
tional to thickness. Therefore surface and/or interface s
tering should be the dominant effect. Since the surface s
tering is increased by additional deposition at lo
temperature~see the following section!, the surface should
be specular and the scattering due to the interface is m
important. If a simple Drude model is used, the mean f
path is only one third of the thickness. Therefore the scat
ing of the interface cannot be described by a simple diff
scattering of the interface.

The inelastic scattering timest i ~Fig. 6! are nearly inde-
pendent of thickness. For some films the measuring temp
ture was close to the transition temperatureTc , so that fitting
was possible only by applying a small magnetic field to s
press superconductivity. In those cases the fitting proced
obviously has been not accurate.

The spin-orbit scattering timetSO ~Fig. 7! again depends
on the structure: the disordered films show a much low
time than the ordered epitaxial films. Finally the transiti

FIG. 9. Magnetoconductance of a Pb film~5 ML! after anneal-
ing and after additional deposition of 0.5 ML at 15 K. Measurem
at about 7 K. The curves are plotted to coincide at maximum m
netic field.
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temperaturesTc are shown~Fig. 8!. Remarkedly tempera
tures down to 1 K are evaluated, although all measurem
have been performed close to 7 K. Surprisingly the transit
temperature increases proportional to thickness for the di
dered films. For the ordered films values close to the b
value have been found.

B. Rough films

To study the influence of roughness in detail, annea
films have been used to deposit at low-temperature ha
monolayer, so that with LEED the additional roughness~half
of the step height! and the correlation length~given by island
distance! are completely characterized. As an example
magnetoconductance of an annealed film with 5 ML
shown together with the results of the same film after de
sition of an additional half monolayer~Fig. 9!. For easy com-
parison the curves are plotted to fit at maximum field, wh
due to negligible superconducting contributions a coin
dence is a good approximation.

Table I shows that both the elastic scattering time and
critical temperatureTc are remarkedly reduced by the roug
ness, although the average thickness is increased.

C. Dependence on temperature

For some samples the magnetoconductance has been
sured for temperatures between 3 and 40 K~the lowest tem-
peratures have been produced by pumping of the liquid H!.
Here the conductances at zero and maximum field
shown, since a sufficient stabilization of an arbitrary te
perature over the full time of a scan of the magnetic field
difficult. Therefore only scans with constant magnetic fie
are shown. For an annealed film with 3 ML first a decrea
and then an increase is seen with increasing temperature
the measurement with magnetic field a steady increase
temperature points to the localization of the carriers in
ultrathin film ~Fig. 10!.

For thicker films (d.4 ML) the conductance decrease
in the full temperature range, so that only superconduct
fluctuations for low magnetic fields and defect and therm
scattering for all magnetic fields are important~Fig. 11!.

An evaluation of the fits of the differences in Figs. 10 a
11 provides the temperature dependence of the inelastic
tering time t i . The power for the higher temperatures d
pends strongly on the structure of the film~Fig. 12!.

t
-

TABLE I. Changes of elastic scattering timet0 and transition temperatureTc due to deposition of 0.5 ML
at low temperatures onto well annealed Pb films.

Film thickness Thickness after Elastic scattering Superconducting
after anneal~ML ! adding 0.5 ML timet0 (10216 sec) transitionTc (K)

2.5 0.8 1.8
3 0.7 2

3.75 2.2 5.2
4.25 2.1 4.9

5 3.0 5.8
5.5 2.5 4.3

10 6.0 6.8 4.3
10.5 4.0 6.7
2-4
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CONDUCTION MECHANISM IN ULTRATHIN METALLIC FILMS PHYSICAL REVIEW B 65 045412
D. Films on annealed monolayer

Epitaxial films of especially high perfection have be
produced by deposition of a bit more than a monolayer a
K and annealing to room temperature. Here a well orde
monolayer is produced with the residual Pb forming perf
epitaxial islands. Further deposition at low temperatures p
duces epitaxial films, where the small rotation of grains
the mosaic structure is further reduced and the grain
increased.8,9 It has been tested, to what extent the scatter
parameters are modified. Here even films with a total thi
ness of less than 4 ML are epitaxial and they show hig
perfection than epitaxial films with higher thickness dep
ited directly onto Si~111! 737. Here the results of a film
with total thickness of 2.75 monolayers~by deposition onto
an annealed monolayer with islands! are shown in more de
tail ~Fig. 13!.

FIG. 10. Conductance vs temperature for a Pb film~3 ML!
without and with magnetic field~4 T!, respectively. The supercon
ducting fluctuations are suppressed by the magnetic field.

FIG. 11. Conductance vs temperature for a Pb film~4 ML! with-
out and with magnetic field~4 T!, respectively. The well ordered
film shows the classical increase of resistance with temperatur
ter suppression of the superconducting fluctuations due to the m
netic field.
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The scattering times and the critical temperature
shown in Table II in comparison with a disordered film of th
same thickness and an epitaxial film of 5 ML with mo
defects due to deposition onto 737. It is seen, that the per
fect film has a much higher elastic scattering time than
other two films. Otherwise the perfect film agrees well w
the other epitaxial film.

IV. DISCUSSION

A. Structure of films

For a discussion of the conduction mechanism in the
films both the structural and the electric results have to
used. The structural information from the SPA-LEE
measurements8,9 is summarized in the Fig. 14. The firs
monolayer grows even at 15 K in a rather ordered pseu
morphic structure, producing a modified 737 structure,
where Pb and Si atoms probably are mixed in the top la
The following layers grow at 15 K in a disordered arrang
ment due to the large misfit. For more than 4 monolay
thickness a recrystallization process with a Pb film with bu

af-
g-

FIG. 12. Inelastic scattering timet i for a film with 3 ML ~dis-
ordered! and with 5 ML ~ordered! vs temperature.

FIG. 13. Magnetoconductance of an ordered Pb film~2.75 ML!
after annealing of a monolayer~300 K! and additional deposition o
1.75 ML at 15 K~temperatureT'7 K).
2-5
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TABLE II. Comparison of an epitaxial film~2.75 ML!, produced by deposition of 1.75 ML onto an annealed Pb monolayer at low T,
films deposited directly onto Si~111! 737: a disordered film of 3 ML and an epitaxial film~5 ML!.

Elastic scatteringt0 Spin orbittSO Critical Tc

Epitaxial 2.75 ML 6310216 sec 2310210 sec 4.9 K
~Including 1 ML annealed!
Disordered 3 ML 1310216 sec 0.5310210 sec 2 K
Epitaxial 5 ML on 737 3310216 sec 2310210 sec 5.8 K
s
th
n
ng
nd
o
ry
a
o

s
in
he

er.
ed
me
s
ith
e
ry

the
sition
m-
ror
a
e
n-
e

an-
ded

tan-
n in
an

ct
due
in-
en-

of
ple

c-

As
e
ed
ra-
lso

m-
rage
ture
he
Hall
e
ture.
ms
e of

of a

lt
no
lattice constant and@111# orientation starts, which reproduce
the orientation of the substrate. Therefore at least part of
film recrystallizes down to the interface. Due to differe
starting points for crystallization the film shows stacki
faults and a mosaic structure with small angle grain bou
aries close to the perfect epitaxial orientation. If Pb is dep
ited onto an annealed monolayer with Pb islands, the rec
tallization obviously starts at the Pb islands producing
epitaxial film with negligible mosaic misorientation and n
disordered film between epitaxial film and substrate.

B. Annealed films

The simplest model would be to describe the system a
layering of three more or less independent layers with
creasing conductivity. It describes with the first layer t

FIG. 14. Schematic structure of Pb films on Si~111! 737: ~a! 1
ML Pb deposited at 15 K onto Si~111! 737 ~pseudomorphic!, ~b!
disordered film on pseudomorphic monolayer,~c! recrystallization
as epitaxial films~lattice constant of bulk Pb! with grain boundaries
due to a small mosaic rotational disorder and with stacking fau
~d! highly perfect film due to deposition onto an annealed mo
layer ~Refs. 8,9!.
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percolation process and film growth up to the monolay
The second layer from 1 to 4 ML is already well describ
with the extremely low and constant elastic scattering ti
t0 ~Fig. 5!. The higher conductivity of the epitaxial film ask
for a larger elastic scattering time. The linear increase w
thickness~Fig. 5! may be described either with interfac
scattering or with a dead layer at the interface with ve
small conductivity. Surface scattering can be ruled out for
annealed surfaces, since roughness scattering after depo
of half a monolayer onto the annealed surface at low te
peratures is quantitatively described by starting with a mir
like surface.13 Interface scattering works here similar to
dead layer with a thickness of 3 to 4 ML. A simple diffus
interface scattering~neglecting corrections due to superco
ducting fluctuations! yields a higher elastic scattering tim
than measured~Fig. 5!.

Therefore the corrections due to weak localization, qu
tum size effect and superconducting fluctuations are nee
for a description of the conduction mechanism. The subs
tial increase due to superconducting fluctuations is see
the Figs. 10 and 11. For films with a thickness of more th
4 ML the usual description with thermal scattering~resis-
tanceR}T for high T) and residual resistance due to defe
and surface scattering is sufficient only when corrections
to weak localization and superconducting fluctuations are
cluded. With the magnetic field those corrections are ess
tially suppressed. The reduced elastic scattering timet0 in
Fig. 5 corresponding to a mean free path of only a fraction
the layer thickness points to the inadequacy of the sim
Drude model neglecting many corrections.

For films with a thickness of less than 4 ML the condu
tivity increases with increasing temperature~except in the
regime of superconducting fluctuations!, as shown in Fig. 10.
A clear result for 1 ML has been presented in Ref. 12.
already seen with Ag films,1,2 the increase is outside th
range of weak localization, it is more adequately describ
by a strong localization. It should be noted, that this tempe
ture dependence is not restricted to the disordered films. A
the ultrathin epitaxial film of Sec. IV shows the same te
perature dependence as the disordered film of same ave
thickness. A model may use a change of the band struc
with thickness. From LEED data it is known, that also t
disordered films have a rather constant thickness. From
effect ~to be published! it is evident, that the band structur
depends essentially on average thickness, not on struc
The Hall voltage is identical for ordered and disordered fil
of the same thickness. Therefore a thickness dependenc
band structure, e.g., Fermi surface or even the formation

s,
-
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CONDUCTION MECHANISM IN ULTRATHIN METALLIC FILMS PHYSICAL REVIEW B 65 045412
gap, is a good candidate for description of the tempera
dependence, unusual for a metal. Unfortunately a comp
tion of band structure, which might provide the temperatu
dependence, is still missing.

Superconductance fluctuations cause substantial modi
tions, especially close to the transition temperature. Wit
the fitting calculations they have been especially help
since they provided exact values for the different scatter
times and the superconduction transition temperature.

The variations of the elastic scattering have been alre
discussed, showing that the structural defects are the d
nant factors. The disordered film shows the lowest values
low that the ‘‘mean free path’’ using bulk fermi velocity i
much lower than atomic distance. Therefore a simple me
ing of this quantity is not available.

The inelastic scattering time at 7 K is independent of
structure and film thickness~Fig. 6!. The few values above
the average are obviously due to fitting inaccuracies clos
the superconducting transition, where the contributions
to fluctuations are large and the normal state~only the nor-
mal state may be used for the fitting procedure! is obtained
only with a small magnetic field. The temperature depe
dence of the timet i shows for temperatures around 10 K
clear power dependencet i}T2P ~Fig. 12!. For electron pho-
non scattering a powerP52 is expected.11,10,19–21For the
film with 3 ML the experimental value is close to the predi
tion. For the film with 5 ML, however, no theory is known
which would fit to the high experimental value ofP57.43.
For this film the linear temperature dependence of the re
tance beyond 15 K has also been evaluated assuming tha
resistance increase is just due to inelastic scattering~Matthie-
sen’s rule!. The value oft i , determined with the Drude
equation, however, differs from the value from the fitting
the magnetoresistance by more than one order of magnit
This difference may be due to the quantum size effe
Trivedi22 pointed out, that Matthiesen’s rule is no more va
in the regime of quantum size effect. As a result the quan
size effect may be important even at fairly high temperatu

The spin-orbit scattering timetSO ~Fig. 13! shows two
different values, a low value for the disordered films and
high value for the epitaxial films. A correlation between ela
tic and spin-orbit scattering times has been reported
literature.23–26 This correlation reflects the correlation b
tween atomic arrangement and electronic structure. The
crease of the elastic scattering time with thickness from 4
12 ML, however, is not reproduced by a change of the sp
orbit time.
ys
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C. Rough films

For a clear separation of the roughness contribution to
conduction mechanism well annealed films have been coo
down to 15 K and half a monolayer has been deposit
From LEED measurements it is known, that islands a
formed with monolayer height. Therefore roughness and c
relation length are known. The corresponding electrical m
surements can therefore directly describe the influence
roughness, since the simultaneous thickness change is s
The conductance showed a clear decrease during depos
of the first half monolayer~see Fig. 2 in Ref. 13!. From the
present measurements it is clear, that the decrease is due
combination of roughness, quantum size effect and superc
ducting fluctuations. The fitting provides with the elast
scattering time and with the transition temperature deta
informations, which have not yet been used for a theoret
and quantitative interpretation. Especially the direct corre
tion of roughness and superconducting transition loo
worthwhile for a theoretical model.

V. CONCLUSION

For fundamental 2D measurements of metallic films it
necessary to produce structurally well defined ultrathin e
taxial films in ultrahigh vacuum at low temperatures and
characterize structural details quantitatively, as done h
with SPA-LEED. With these prerequisites the combination
conductance and magetoconductance provides many de
on the conduction mechanisms in ultrathin metallic film
Unfortunately the results may be described with availa
models only in part. It is hoped, that the results presen
here may encourage theoreticians for providing mod
suited for quantitative description.

The presented results were obtained with substrates
high symmetry. Using higher index surfaces as substra
will result in asymmetric films and even 1D structures. Tho
experiments are in progress.
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1M. Henzler, T. Lüer, and A. Burdach, Phys. Rev. B58, 10 046

~1998!.
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