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Conduction mechanism in ultrathin metallic films
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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 S{111) 7X 7 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 nuni®er73.50.Jt, 73.61.At, 68.55.Jk, 61.14.Hg
[. INTRODUCTION tions, plane defects such as grain boundaries, and thermal

vibrations contribute to scattering. For thin films additionally

Ultrathin metal films with a thickness of one or a few surface scattering and interferen@geak localization and
monolayers draw more and more interest, since they are no@uantization have to be considered. Superconductivity is a
available as epitaxial films on insulating substrate and ar®ulk phenomenon, it may change due to film thickness and
therefore the best model systems for two-dimensi¢ag) structure. For thin films additionally the superconducting
conduction in metal systems. Additionally semiconductorfluctuations have to be consider&d: Therefore the conduc-
technology requires thinner and thinner films, so that thdance of the Pb films, fully characterized with respect to
properties due to restriction to thicknesses of a few monostructure and defects during and after growth and annealing,
layers get also technological importance. Since the detailefas been measuréusitu at temperatures between 4 and 300
atomic structure and the restriction to a thickness smalleK. Results with conductivity measurements are in the
than the bulk mean free path may modify the transporiiterature?=®*>*3The conductivity provides a first informa-
mechanism dramatically, the atomic structure and the eledion. Measurements of the Hall effect show the changes of
tronic transport properties have to be measured on the sanfige band structure with film thickneé$lew Hall effect mea-
films. surements together with calculations of the band structure

For the production of a film as perfect as possible thewill be published soon. Magnetoconductance results are pre-
substrate should be perfect_ Therefore ﬂ'(é_ﬂ]) 7X7 sur- sented here, since they are the best tool to identify the scat-
face has been selected, since it may be produced with largering mechanisms.
step free areas. For a simple structure of the metal film
chemical reaction with the substrate has”tq be avoided. Il. EXPERIMENTAL SETUP
Therefore only metals, which do not form silicides, such as
Ag, Pb, or In, are suited for a fundamental study. Experi- For production of perfect epitaxial films @iL1) surfaces
ments with epitaxial Ag films have shown, that for ultrathin in size of 15<15 mn? have been prepared in ultrahigh
films weak localization and a metal insulator transition domi-vacuum by annealing and flashing up to 1500 K of chemi-
nate the transport mechanism at low temperattf@e dif-  cally oxidized samples. Using well oriented samples and a
fusion of Ag at low temperatures is not very high, so that theproper cooling cycle provided fairly step free surfaces, as
formation of well ordered films at low temperatures is diffi- checked with  spot profile analysis of LEED
cult. On the other hand Pb shows high mobility and forms(SPA-LEED.2%* With a He cryostat the sample could be
readily dense monolayers on silicdrThe growth even at cooled to 15 K during deposition of Pb and, after closing of
low T is layer-by-layef.—® Additionally the superconductiv- the cooled shutterpt4 K for measurement. For the electric
ity might give more information on the conduction mecha- measurements the samples had four predeposited Mo con-
nism. Therefore epitaxial films of Pb have been produced omacts in the corner for a van der Pauw measurertiefihe
Si(111) 77 at low temperatures. The structure and the detemperature has been measured with(a®® and a Si diode
fects of the films have been studied carefully with spotat the bottom of the cryostat, which has been calibrated
profile analysis of low energy electron diffraction against a Sidiode glued on a dummy Si sample in measuring
(SPA-LEED).%® position. The superconductivity of bulk Pb provided a per-

The classic model for description of the conductionfect check. Within uhv and at low temperatures the sample
mechanisms in metals is the so called Drude model. It izould be shifted into a split coil magnet of 4 Ts for measure-
assumed, that the electrons have a mean free path, until bynaent of the magnetoconductan@gg. 1).
scattering process the additional velocity gained in an exter- The films have been deposited at about 15 K. The con-
nal electric field is randomized. A perfect crystal should yieldductance could be measured simultaneously. For magneto-
an infinite free path. All defects like point defec¢tsacancies, conductance the deposition has been interrupted, the shutter
interstitials, and foreign atomsline defects such as disloca- has been closed and the sample shifted into the supercon-
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FIG. 3. Magnetoconductance of a Pb fil® ML) at about 6.8
The best fit using only weak localizatiddashed lingis called
Hikami fit, a perfect fit(solid line) is only obtained by inclusion of

. . superconducting fluctuations. Here the conductance quabhiymn
ducting magnet. The structure of the film has been some-, 2/, _ 378104 A/V has been used for the ordinate.

times checkedn situ before or after the electrical measure-

ments. Most LEED investigations have been done in &jata have been recorded after interruption of deposition. For
separate _uhv  system reproducing the  productiofjarifying the conductance mechanisms annealed films have
parameter§: been studied at 7 Kif not indicated otherwiseand rough-
ness has been added by deposition onto annealed films, to
Ill. RESULTS separate different contributions to the conduction mecha-
nism. Due to the lower temperatu@ter closing the shuttgr
the superconducting contributions could be more clearly
The measurement of the conductance during deposition dflentified. As seen in the former studies with Ag fifdsn
Pb onto Si111) 77 at 15 K has shown, that the conduction addition to thermal and roughness scattering weak localiza-
mechanisms changes with film thickness. This change is coriion has been expected as the dominant scattering mecha-
nected with structural changes, as shown in Fi§® 2. nism. The fitting, however, has been completely unsatisfying
The lower slope of conductance up to 4.5 ML is obviously (Fig. 3). In addition to an unreasonably high contribution of
connected with the disorder in the growing film, as shown inantilocalization no acceptable fit was possible. As soon as the
the inset with LEED data. Since magnetoconductance wasuperconduction fluctuatios™ are included, using the
not possible to be measured during growth, the followingtheories of Aslamov-Larkitf and Maki-Thompson!*® a
perfect fit is possibléFig. 3). The correction of the conduc-

FIG. 1. Experimental setup for production and measurement ok
ultrathin Pb films on SiL11) 7X7 at low temperatures. ;

A. Annealed films
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FIG. 2. Conductance of a Pb film during deposition onto insu- 00 05 10 15 20 25 30 35 40
lating Si(111) 7X7 at 15 K. Up to 0.7 ML no conductance is ob- magnetic field (T)
served. Up to 4.5 ML the linear increase points to bulk defect scat- o o
tering. After recrystallization at about 5 ML the increase is steeper G- 4. Contributions of weak localizatiofwL) and of super-
and more than linear. The inset shows the LEED intensity for depotonducting fluctuations according to Maki-Thomps@viT) and
sition at higher temperatures, so that the recrystallization starts af:Slamov-Larkin (AL) to the magnetoconductance as shown in
ready at 3.5 ML(figure from Ref. 13 Fig. 2
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_FIG. 5. Elastic scattering times, for annealed Pb films on FIG. 7. Spin-orbit scattering timess, for annealed Pb films on
Si(111) 7X7 at about 7 K. For the calculation with the Drude Si(111) 7X 7.

model (upper solid ling the mean free path, is set equal to the
film thicknessd.

6=mhlI8kgTT;. 5)
ApL(B)=Logm?/4In(T/Tc){2B,/B—(2B,/B) ¥ (1 The fluctuations yield a correction to the conductance, using
both the theories of Aslamov and Larkin and of Maki and
+B4/B) -V (1/2+B,4/B)] - 1/2. (1) Thompson. The fit using both weak localization and super-

conducting fluctuations provides all essential scattering pa-

rametersry, 7, Tso, andTc.

B,=2ksT In(T/T¢)/ weD. 2 The fit provides due to its h.|gh precision detailed |r_1for-
mations on the relevant scattering parameters as elastic scat-

B, is the field corresponding to the superconducting fluc€/ng timeo, inelastic scattering time; , spin-orbit scatter-

tuations andg is Boltzmann's constant. The second correc-N9 iMe 7so, superconducting transition temperature,

: . : ; ven when th mperature is lower than the temperature of
tion due to superconduction fluctuations is due to the theor)ﬁ]e?asure?netnta;tr? | tFr)lz igunteribsu t‘i)oni otf \?ve;kelotgalirz)gt?otrl: gn?j

of Maki and ThompsoH!® ; .
superconducting fluctuations to the actual conductance.

B, is calculated from

Aur(B)=Lom2/4In(T/T~)B./(B,— B Those contributions are shown separately in Fig. 4.
ur(B)=Loom (T/Tc)Ba/(Ba~By) The contributions of superconducting fluctuations are the
X[f(B,4/B)—f(B3/B)]. 3 larger, the closer the temperature is to the transition tempera-

, o _ ture of superconductivity as seen, for example, in Fig. 9. The
B; is taken from the theory of weak localization, it contains magnetoconductance has been measured for many film thick-
inelastic and magnetic scattering. The temperature depefesses after annealing up to the temperature of highest con-
dence has been calculated by Ebisaval: ductance(150 to 300 K depending on film thicknes#fter
overheating the conductance decreases again due to island
formation. The following figures show the scattering times
and the transition temperatures for well annealed films.

In Fig. 5 the elastic scattering timeg, are shown. For
disordered filmgup to 3 ML) a constant and very low scat-

ALyr=Loo=m?/4IN(T/Tc) = & In[IN(T/Tc)/ 8] (4)

with the pair breaking parameteér
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FIG. 6. Inelastic scattering timeg for annealed Pb films on coverage (ML)

Si(111) 7X 7 at about 7 K. For films close to the superconducting - o
transition temperature the fitting procedure obviously did not work ~ FIG. 8. Transition temperatur€; for superconductivity for Pb
properly. films on Si111) 7X 7.
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B : : . temperaturesT, are shown(Fig. 8. Remarkedly tempera-

o 5MLPb . tures down to 1 K are evaluated, although all measurements
—— fit | | have been performed close to 7 K. Surprisingly the transition
% A S5ML+05MLPb || temperature increases proportional to thickness for the disor-

—fit dered films. For the ordered films values close to the bulk

&
=
t

value have been found.

N~ % ) B. Rough films
20 j & To study the influence of roughness in detail, annealed

films have been used to deposit at low-temperature half a
monolayer, so that with LEED the additional roughnéssf

of the step heightand the correlation lengtfgiven by island
distance are completely characterized. As an example the
. i magnetoconductance of an annealed film with 5 ML is
3 5> 4 0 1 > 3 4 shown together with the results of the same film after depo-
sition of an additional half monolayéFig. 9). For easy com-
parison the curves are plotted to fit at maximum field, where
i due to negligible superconducting contributions a coinci-
_ FIG. 9. Magng;oconductar_l(_:e of a Pb fil® ML) after anneal- dence is a good approximation.

ing and after additional deposition of 0.5 M_L a_t 15 K. Megsurement Table | shows that both the elastic scattering time and the
at about 7 K. The curves are plotted to coincide at maximum Magzritical temperaturd, are remarkedly reduced by the rough-

conductance change (L )

magnetic field ( T)

netic field. ness, although the average thickness is increased.
tering time is found. It points to a constant bulk mobility, so C. Dependence on temperature
that surface scattering is not important. The films wath For some samples the magnetoconductance has been mea-

>4 ML are epitaxial and show a scattering time propor-sured for temperatures between 3 and 4@hé lowest tem-
tional to thickness. Therefore surface and/or interface scaperatures have been produced by pumping of the liquid He
tering should be the dominant effect. Since the surface scaHere the conductances at zero and maximum field are
tering is increased by additional deposition at lowshown, since a sufficient stabilization of an arbitrary tem-
temperaturgsee the following section the surface should perature over the full time of a scan of the magnetic field is
be specular and the scattering due to the interface is mosifficult. Therefore only scans with constant magnetic field
important. If a simple Drude model is used, the mean freeare shown. For an annealed film with 3 ML first a decrease
path is only one third of the thickness. Therefore the scatterand then an increase is seen with increasing temperature. For
ing of the interface cannot be described by a simple diffusehe measurement with magnetic field a steady increase with
scattering of the interface. temperature points to the localization of the carriers in the
The inelastic scattering times (Fig. 6) are nearly inde- ultrathin film (Fig. 10.
pendent of thickness. For some films the measuring tempera- For thicker films >4 ML) the conductance decreases
ture was close to the transition temperatlige so that fitting  in the full temperature range, so that only superconducting
was possible only by applying a small magnetic field to supfluctuations for low magnetic fields and defect and thermal
press superconductivity. In those cases the fitting procedurscattering for all magnetic fields are importdftg. 11).
obviously has been not accurate. An evaluation of the fits of the differences in Figs. 10 and
The spin-orbit scattering timesg (Fig. 7) again depends 11 provides the temperature dependence of the inelastic scat-
on the structure: the disordered films show a much lowetering time 7;. The power for the higher temperatures de-
time than the ordered epitaxial films. Finally the transitionpends strongly on the structure of the filiiig. 12.

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

Film thickness Thickness after Elastic scattering Superconducting
after annea(ML) adding 0.5 ML timer, (1071% sec) transitionl, (K)
25 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
55 25 4.3
10 6.0 6.8 43
10.5 4.0 6.7
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The scattering times and the critical temperature are
shown in Table Il in comparison with a disordered film of the
same thickness and an epitaxial film of 5 ML with more
defects due to deposition onto<7/. It is seen, that the per-
fect film has a much higher elastic scattering time than the

other two films. Otherwise the perfect film agrees well with
Epitaxial films of especially high perfection have beenthe other epitaxial film.

produced by deposition of a bit more than a monolayer at 15
K and annealing to room temperature. Here a well ordered
monolayer is produced with the residual Pb forming perfect
epitaxial islands. Further deposition at low temperatures pro- )
duces epitaxial films, where the small rotation of grains in A. Structure of films

the mosaic structure is further reduced and the grain size For a discussion of the conduction mechanism in the Pb
increased?? It has been tested, to what extent the scatteringiims both the structural and the electric results have to be
parameters are modified. Here even films with a total thickused. The structural information from the SPA-LEED
ness of less than 4 ML are epitaxial and they show highemeasurements is summarized in the Fig. 14. The first
perfection than epitaxial films with higher thickness depos-monolayer grows even at 15 K in a rather ordered pseudo-
ited directly onto Sil111) 7X7. Here the results of a flm morphic structure, producing a modifiedx7 structure,
with total thickness of 2.75 monolayeflsy deposition onto  where Pb and Si atoms probably are mixed in the top layer.
an annealed monolayer with islandse shown in more de- The following layers grow at 15 K in a disordered arrange-

FIG. 10. Conductance vs temperature for a Pb fiBnML)
without and with magnetic field4 T), respectively. The supercon-
ducting fluctuations are suppressed by the magnetic field.

D. Films on annealed monolayer

IV. DISCUSSION

tail (Fig. 13. ment due to the large misfit. For more than 4 monolayers
thickness a recrystallization process with a Pb film with bulk

20 S S O B

935 0 o without magnetic field 0 L5
5 T e with magnetic field (B=4T) A il

2304 = = .
B £ .
c 225 g -3 _' 5
8 S 4 Pl
C w
o} '8 2 u
8 8 -5 F L)
g & L
8 g 6 .

| S R
| 2 .7
5 10 15 20 25 30 35 § 8
temperature in K ! ! .
4 -3 -2 -1 1 2 3 4

FIG. 11. Conductance vs temperature for a Pb fdnML) with- magnetic field ( T)

out and with magnetic field4 T), respectively. The well ordered
film shows the classical increase of resistance with temperature af- FIG. 13. Magnetoconductance of an ordered Pb {@75 ML)

ter suppression of the superconducting fluctuations due to the magdter annealing of a monolay€300 K) and additional deposition of

netic field.

1.75 ML at 15 K(temperatureT~7 K).
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TABLE Il. Comparison of an epitaxial filni2.75 ML), produced by deposition of 1.75 ML onto an annealed Pb monolayer at low T, with
films deposited directly onto &ill) 7X7: a disordered film of 3 ML and an epitaxial filtd ML).

Elastic scattering Spin orbit 7o Critical T,
Epitaxial 2.75 ML 6<10°1¢ sec 2x10 %0 sec 49K
(Including 1 ML annealed
Disordered 3 ML X101 sec 0.5107 1% sec 2K
Epitaxial 5 ML on 7X7 3x10°1¢ sec 2x10 %0 sec 5.8 K

lattice constant andl11] orientation starts, which reproduces percolation process and film growth up to the monolayer.
the orientation of the substrate. Therefore at least part of th&he second layer from 1 to 4 ML is already well described
film recrystallizes down to the interface. Due to differentwith the extremely low and constant elastic scattering time
starting points for crystallization the film shows stacking 7, (Fig. 5). The higher conductivity of the epitaxial film asks
faults and a mosaic structure with small angle grain boundfor a larger elastic scattering time. The linear increase with
aries close to the perfect epitaxial orientation. If Pb is deposthickness(Fig. 5 may be described either with interface
ited onto an annealed monolayer with Pb islands, the recrysscattering or with a dead layer at the interface with very
tallization obviously starts at the Pb islands producing anymg|| conductivity. Surface scattering can be ruled out for the
epitaxial film with negligible mosaic misorientation and no ynnealed surfaces, since roughness scattering after deposition
disordered film between epitaxial film and substrate. of half a monolayer onto the annealed surface at low tem-
peratures is quantitatively described by starting with a mirror
B. Annealed films like surface!® Interface scattering works here similar to a

The simplest model would be to describe the system as €@€ead layer with a thickness of 3 to 4 ML. A simple diffuse
layering of three more or less independent layers with ininterface scatteringneglecting corrections due to supercon-
creasing conductivity. It describes with the first layer theducting fluctuationsyields a higher elastic scattering time
than measuredFig. 5).

Therefore the corrections due to weak localization, quan-
tum size effect and superconducting fluctuations are needed
for a description of the conduction mechanism. The substan-
tial increase due to superconducting fluctuations is seen in
the Figs. 10 and 11. For films with a thickness of more than
4 ML the usual description with thermal scatterifi@sis-
tanceRxT for high T) and residual resistance due to defect
and surface scattering is sufficient only when corrections due
to weak localization and superconducting fluctuations are in-
cluded. With the magnetic field those corrections are essen-
tially suppressed. The reduced elastic scattering i@

a) 1TMlat15K

b) 1-3MLat15K

— stadking fau Fig. 5 corresponding to a mean free path of only a fraction of
(un s sasersnnssses the layer thickness points to the inadequacy of the simple
- _ 2 Drude model neglecting many corrections.
c) >4MLat15K X For films with a thickness of less than 4 ML the conduc-

tivity increases with increasing temperatuiexcept in the
regime of superconducting fluctuationas shown in Fig. 10.
A clear result for 1 ML has been presented in Ref. 12. As
already seen with Ag film&? the increase is outside the
range of weak localization, it is more adequately described
by a strong localization. It should be noted, that this tempera-
ture dependence is not restricted to the disordered films. Also
the ultrathin epitaxial film of Sec. IV shows the same tem-
perature dependence as the disordered film of same average
thickness. A model may use a change of the band structure
FIG. 14. Schematic structure of Pb films or{1il) 7x7: (3 1 With thickness. From LEED data it is known, that also the
ML Pb deposited at 15 K onto @il1) 7x 7 (pseudomorphic (b)  disordered films have a rather constant thickness. From Hall
disordered film on pseudomorphic monolay@), recrystallization ~ €ffect (to be publisheylit is evident, that the band structure
as epitaxial filmglattice constant of bulk Phwith grain boundaries ~ depends essentially on average thickness, not on structure.
due to a small mosaic rotational disorder and with stacking faultsThe Hall voltage is identical for ordered and disordered films
(d) highly perfect film due to deposition onto an annealed mono-of the same thickness. Therefore a thickness dependence of
layer (Refs. 8,9. band structure, e.g., Fermi surface or even the formation of a

d) 1.75 ML deposited
onto 1 ML annealed
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gap, is a good candidate for description of the temperature C. Rough films

dependence, unusual for a metal. Unfortunately a computa-

tion of band structure, which might provide the temperature For a clear separation of the roughness contribution to the

dependence, is still missing. conduction mechanism well annealed films have been cooled
Superconductance fluctuations cause substantial modificaown to 15 K and half a monolayer has been deposited.

tions, especially close to the transition temperature. Withirfrom LEED measurements it is known, that islands are

the fitting calculations they have been especially helpfulformed with monolayer height. Therefore roughness and cor-

since they provided exact values for the different scatteringelation length are known. The corresponding electrical mea-

times and the superconduction transition temperature. surements can therefore directly describe the influence of
The variations of the elastic scattering have been alreadyyyghness, since the simultaneous thickness change is small.

discussed, showing that the structural defects are the domine conductance showed a clear decrease during deposition
nant factors. The disordered film shows the lowest values, sgf the first half monolayefsee Fig. 2 in Ref. 18 From the

low that the “mean free path” using bulk fermi velocity is resent measurements it is clear, that the decrease is due to a

"Eombination of roughness, quantum size effect and supercon-
ducting fluctuations. The fitting provides with the elastic
scattering time and with the transition temperature detailed
informations, which have not yet been used for a theoretical
8nd guantitative interpretation. Especially the direct correla-
flon of roughness and superconducting transition looks
worthwhile for a theoretical model.

ing of this quantity is not available.

The inelastic scattering timet & K is independent of
structure and film thicknes@-ig. 6). The few values above
the average are obviously due to fitting inaccuracies close t
the superconducting transition, where the contributions du
to fluctuations are large and the normal stately the nor-
mal state may be used for the fitting proceduseobtained
only with a small magnetic field. The temperature depen-
dence of the timer; shows for temperatures around 10 K a
clear power dependeneexT~ " (Fig. 12. For electron pho-
non scattering a poweP=2 is expected1%'%-21For the o
film with 3 ML the experimental value is close to the predic-  For fundamental 2D measurements of metallic films it is
tion. For the film with 5 ML, however, no theory is known, Necessary t_o produee structurally well defined ultrathin epi-
which would fit to the high experimental value Bf=7.43. taxial f|Im§ in ultrahigh vacuum at Iov_v temperatures and to
For this film the linear temperature dependence of the resigharacterize structural details quantitatively, as done here
tance beyond 15 K has also been evaluated assuming that t#éh SPA-LEED. With these prerequisites the combination of
resistance increase is just due to inelastic scattéNtagthie- ~ conductance and magetoconductance provides many details
sen’s ruld. The value ofr, determined with the Drude ©N the conduction mechanisms in uItra_thln metalhc f!lms.
equation, however, differs from the value from the fitting OfUnfortunater. the resul';s may be described with available
the magnetoresistance by more than one order of magnitud@©dels only in part. It is hoped, that the results presented
This difference may be due to the quantum size effect!€r€ May encourage theoreticians for providing models
Trivedi? pointed out, that Matthiesen’s rule is no more valid SUited for quantitative description. .
in the regime of quantum size effect. As a result the quantum_ 1€ presented results were obtained with substrates of
size effect may be important even at fairly high temperatured?igh symmetry. Using higher index surfaces as substrates

The spin-orbit scattering timeso (Fig. 13 shows two will re_sultm asym_metncﬁlms and even 1D structures. Those
different values, a low value for the disordered films and a€XPeriments are in progress.
high value for the epitaxial films. A correlation between elas-
tic and spin-orbit scattering times has been reported in
literature?>=2 This correlation reflects the correlation be- ACKNOWLEDGMENTS
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