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Size effect of the resistivity of thin epitaxial gold films
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The temperature dependence of the electrical resistivity of thin, epitaxial, ard¥lxoriented gold films
with thickness between 2 and 50 nm is investigated. The quality of these Au films is superior to epitaxial Au
films grown on mica, therefore the investigation of well-defined thin films was possible. The experiments are
analyzed within the frame of classical size-effect theories of the resistivity. It turns out that for thin films, the
characteristic Debye temperature is strongly decreased as compared to the bulk value. In contrast to the more
physically motivated approach of Soffer, the original model of Fuchs-Sondheimer describes the experimental
data in a physically consistent way.
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I. INTRODUCTION Op/T x2dx
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The minimum feature size in semiconductor fabrication
still rapidly decreases without any nearby limits visible. In where®y, is the Debye temperaturk, is the prefactor of the
this context, also the behavior of miniaturized metallic struc-Bloch-Griineisen law, ang, is the residual resistivity, which
tures such as thin interconnects is of special interest, sinde related to the impurity mean free path,, by po
whenever their thickness approaches the length scale of themv,:ermi/ne?ihmp. Surface scattering of the conduction elec-
electron mean free pat{r~40 nm at room temperature in trons or size-effect corrections to the resistivity were not
Au), a strong deviation from the corresponding bulk electri-considered in the analysis.
cal resistivity is expected. This so-called size effect of the |n the present experiments, the temperature dependence of
resistivity can either be treated classichfyr the quantiza- the resistivity is investigated for thin, epitaxia(111)-
tion of electronic modes can be includéesee, e.g., Refs. 3 oriented gold films, which are grown of©001) sapphire
and 4. If predictions on the resistivity of nanowires or thin with a Nb seedlaye® The epitaxial quality and flatness of
films have to be made, the basic mechanisms contributing tghese films allowed us to prepare samples down to a thick-
scattering of electrons in reduced dimensions must b@ess of 2 nm. Epitaxial gold films of the same orientation,
known. which are prepared according to a standard procedure on

While experimental work on quantum size effects ismica® show a “channeled” structure already at a thickness
scarce, there is a large number of publications on the classbelow 50 nm, so that epitaxial and electrically conducting
cal size effect of resistivity in thin films as well as on the fiims with a thickness below 30 nm could not be obtained.
question of which model might be most adequate to describ&his demonstrates the preparational improvement of the
the experimental dafs For example, the influence of the present approach. In addition, the grain size in the present
surface on the resistivity can be masked by grain-boundargamples is about one order of magnitude larger than the film
scattering® A correct analysis should therefore be per-thickness, so that grain-boundary scattering of the conduc-
formed with a large number of parameters, which, howeveriion electrons can be safely neglected. Thus, it is justified to
in most cases cannot be determined independently. As a coinalyze the size effect of resistivity exclusively in terms of
sequence, the results are usually not unequivocal. Furthesurface scattering, reducing the number of unknown param-
more, studying the thickness dependence of the resistivity isters in comparison to previous experiments.
complicated by the fact that the sample structures change In the classical models? the resistivity of thin filmspgm,

with increasing thickness. A well known example for this can be deduced from the resistivity of the corresponding bulk
phenomenon is the average grain size, which tends to inmaterial py, by

crease with increasing film thickness.

In addition to the direct influence of the sample structure Poulk _ 4 _EJ
on the thin-film resistivity, there are also indirect effects. For Pfiim - 2K
instance, if the Debye temperature is modified in a thin film
with a high surface-to-volume ratio, the correspondinglywhere =t/ is the ratio between the film thicknessand
changed electron-phonon interaction can also lead to a modihe mean free path of conduction electréraf correspond-
fied resistivity. Due to the lack of appropriate, ultrathin ing bulk material ang is the specularity parameter. Whereas
samples, this behavior could not yet be studied systematp is a phenomenological parameter in the model of
cally, and so a decrease of the effective Debye temperatufiéuchs-Sondheimér,p is angle-dependent in the model of
was either only assumédor the resistivity in granular Soffer and can be deduced from the surface morphology. In
sample¥® or thin films't was simply interpreted within the case of vanishing lateral surface correlatiois related
Bloch-Griineisen theory, to the surface roughnessby
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p(u) = ex - (4mh/\e) %], () 16— 1 Au-film
where¢ is the Fermi wavelength. —_ 14t | thickness [nm]
In the course of testing various classical size-effect mod- % 121 ] 21
els like Fuchs-Sondheimer and Soffer, it turned out that fix- % 40
. =101 J
ing the Debye temperature to the bulk value can lead to o / 71
erroneous results. Particularly for ultrathin films, the influ- > 8 12.0
ence of the surface leads to a softening of the phonon spec- S 6 / 19.8
trum, which must be taken into account. ? 1 25.4
w 4r -
i
Il. PREPARATION . = |70
In order to obtain samples combining some quite demand- 0 50 100 150 200 250
ing properties such as being simultaneously ultrathin, epitax- temperature T (K)

ial, flat, and electrically conducting, Au films were prepared
on (000)-oriented sapphire substrates with a thin Nb seed-
layer. Details of the preparation are described in Refs. 12 an
13. First a Nb seedlaydthickness 1 nmwas deposited at
room temperature on c-cut sapphire substrates. Next, the

films (thickness 7—46 njnwere grown on top of the seed- |og T ~t-1 dependence of Nb filM&down to the film thick-
layer at a substrate temperature between 250 and 300 °@Gess of the Nb seedlayét.0 nm), one expects a decrease of
For the ultrathin films(thickness 2—5 ni the growth tem- 1 5 .25 K, which is consistent with the present resistivity
perature had to be lowered to room temperature to guarant@geasurements.

continuous,  electrically conducting samples. Epitaxial pqr the analysis of the temperature dependence of the
growth was monitored and verified during growth by reflec-egistivity, the influence of the Nb seedlayer was neglected
tion high energy electron diffractiRHEED) andex situby g arguing that the room-temperature resistivity of Nb
x-ray diffraction (XRD). Atomic force and scanning tunnel- (ppui=14.5 1 cm) is almost an order of magnitude larger
ing microscopyAFM and STM conflrme_d the small rough-  han the corresponding Au valu@p=2.2 »Q cm) (Ref.
ness (£1-2 ML) even for the ultrathin Au films. The ;g -4 therefore electron transport through the Nb seedlayer
samples were patterned either by evaporation through masi@ he aimost completely shorted by the Au film on top. To
or by optical lithography combined with wet chemical gyengihen this argument, the resistivity of a 1-nm-thick Nb

etchind® resulting in bridges, which allowed four-probe ) \yas determinedh situ after its growth at room tempera-
measurements on different film segments. The length of each .o delivering a value of about 3@ cm. This high value
segment was 1.5 mm and the width was 30, 50, 100, o&

FIG. 1. Temperature dependence of the resistivity of epitaxial
u films on sapphirgthickness between 2 and 46 nand on mica
thickness 70 nmrevealing a strong increase of the residual resis-
Atli)/ity at liquid-helium temperature for decreasing film thicknesses.

ustifies neglecting the influence of Nb even for the thinner
u films. Naturally, it still would be desirable to prepare Au

750 um. The temperature dependence of the sample resi

tance was measured applying a lock-in technique within g without a Nb seedlayer. It must be pointed out, how-
He cryostat. To guarantee thermal equilibrium between th%ver, that ultrathin(=2 nm) Au samples exhibiting the

Au film and the sa_lmple holder, the_temperature was rampegbove—mentioned combined properties cannot be obtained
slowly (<0.3 K/min) during the resistance measurements. without a Nb seedlayer on sapphire.

The experimental data were analyzed in terms of the clas-
IIl. RESULTS AND DISCUSSION sical size-effect models of the resistivity mentioned above.
For this purpose, a fit program based on the Levenberg-
Figure 1 shows the temperature dependence of the elefarquardt metholl was written to compare the experimen-
trical resistivity for Au films of different thickness. The re- tal data with those models. Several fit parameters can be
sidual resistivityp, at liquid-helium temperature increases varied or fixed to certain values depending on the actual
for decreasing sample thickness, or, expressed differently, thgspect of interest. Electron scattering by phonons and bulk
residual resistance rati(300 K)/R(4 K) approaches 1 for defects is characterized by the prefactorin the Bloch-
that case. Without further analysis, at this point it is not clearGriineisen equation, the Debye temperaf®gg and the re-
yet, whether the increase pf is only due to enhanced sur- sidual resistivity of the bulk material,, respectively. These
face scattering of the conduction electrons or whether strugearameters describe the electron transport in a corresponding
tural defects built-in during the initial stages of film growth bulk sample or a sample with negligible surface scattering.
contribute additionally. Surface scattering requires additional fit parameters, namely
No explicit influence of the Nb seedlayer on the temperathe specularity parameterfor the Fuchs-Sondheimer model,
ture dependence of resistivity down #=1.4 K was ob- the surface roughnessfor the Soffer model or the grain size
served. Even though the transition temperature to supercomy; and the reflection coefficiemR for the Mayadas-Shatzkes
ductivity of bulk Nb isT,=9.3 K® such a transition seems model(see Refs. 7 and 8 for detajildn order to reduce the
to be suppressed within our accessible temperature range.ndtimber of fit parameters to get unambiguous results, the film
is known from the literature thak, decreases with decreas- thickness was determined by Laue oscillations from XRD
ing film thicknesst. Extrapolating the previously reported measurementsee Fig. 2 Simulation of such spectra by the
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FIG. 3. Deviations between fits to various size-effect models
and experimental data obtained for the temperature dependence of
the resistivity for a 7.1-nm-thick epitaxial Au film. The different
curves result from different models and their assumptions: For FS
|bulk, Soffer bulk, and Mayadas buly and the prefactoK of Eq.

(1) were fixed to the bulk values of Au, whereas for FS, Soffer, and
Mayadas these quantities are used as fit parameters.

FIG. 2. 20/Q x-ray-diffraction scans of Au films with different
thicknesses all show clear Laue oscillations of th€1Ad) reflec-
tion. Even though the position of the ALL1) peak shifts to smaller
values for the thinner films due to the influence of stress, the pro
nounced Laue oscillations indicate extremely flat and epitaxial
films. A spectrum simulated with theuPREX program is shown for
the 7.1-nm-thick Au film(thick line).

_larity, this assumption cannot be guaranteed experimentally.
eBy introducing two specularity or roughness paramefgrs
and p, (or hy andhy) for the surface and the interface, re-

spectively, the addressed experimental asymmetry can be

IS snl?lla(rj, dlz{gt thle_ cfurvest_are omlttt)ed ttw)?r_e f(()jr clatr;]bys a htaken into accourt*?%In the present case, however, it turned
result, additional information can be obtained on the roughy, i “thatp, and p, (or hy and hy) converged to a common

ness of the various films delivering a value of 1-2 monolay~51ye respectively, in the fits. To the best of our knowledge,
ers(ML) for the standard deviation. in the literature two different specularity parameters were
In a first step, the analysis of the resistivity data was perpnly used to interpret the thickness dependence of the resis-
formed withK=5.2525u() cm and®p=184.59 K obtained ity of thin metal film£527 and not to describe their tem-
from fitting the temperature dependence of the resistivity operature behavior. The extracted results, however, appear
Au bulk samples? These values ok and®p, compare well  quite arbitrary and are far from unambiguous. For that rea-
with parameters found in the literatu#&2?The temperature son, and sinc@, andp, (or h; andh,) always converged to
dependence of the resistivity for Au films with a thicknessa common value in the present experiments, we found it
larger than 20 nm could be modeled fairly well with thesejustified to describe the electron scattering at both sample
values ofK and ®p, but for thinner Au films there was a boundaries by one single parameter.
significant discrepancy between theory and experiment. An A similar analysis was performed comparing the measure-
example of this disagreement is presented in Fig. 3, wherments to the Mayadas-Shatzkes model. Even though the
the results for a 7.1-nm-thick Au film are shown. For thatnumber of fit parameters is larger in that cgaeerage grain
purpose, the differences(T) between the fitted theoretical sizeg, electron reflection coefficient at grain boundari®s
and experimental resistivity curves are plotted versus temthan in the FS(p) or Soffer model(h), the disagreement
perature. As demonstrated in the figutsT) deviates sig- A(T) between theory and experiment grew significantly in
nificantly from zero wherK and Oy, are fixed to the bulk this case. Furthermore, the large scatter of the extracted fit
values of Au(FS bulk and Soffer bulk This result suggests parameterg and R, which even depended on their starting
a principal incompatibility between theoretical assumptionsvalue in the fit algorithm, points to a negligible influence of
and experimental conditions. Additional support for this con-grain boundary scattering. This conclusion is consistent with
jecture comes from the fact that both fits result in completethe large grain size in the present high-quality epitaxial Au
diffuse surface scatteringp=0), which is not compatible films. This size can be estimated from the average terrace
with previous reports on Au film& size measured by AFM or STRA.Since this experimentally
When K and ® were used as additional fit parametersdetermined grain size is at least an order of magnitude larger
(FS and Soffer in Fig. B8 the pronounced deviations(T) than the film thickness, the effect of grain-boundary
between theory and experiment disappear. This is not just thecattering—if present at all—can therefore be safely ne-
result of increasing the number of fit parameters, but ratheglected. For that reason, an analysis combining surf&&e
due to a significant decrease @f. or Soffen with grain-boundary scatterifi§ was not carried
One assumption common to both models, FS as well asut. This is also justified by the results given in Fig. 3, where
Soffer, is usually not met by experiment. While in the modelsthe excellent agreement between the classical size-effect
the film surface as well as its interface with the substrate arenodel of FS or Soffer and the experimental data is demon-
assumed to be identical with respect to roughness or specstrated.

SUPREXprogram?® gives an excellent agreement with the ex
perimental data, as is demonstrated in Fig. 2 for th
7.1-nm-thick Au film(the quality of the fits to the other films

165414-3



KASTLE et al.

PHYSICAL REVIEW B 70, 165414(2004)

TABLE I. Fit parameters obtained from the temperature depenthan the corresponding bulk valé&ln LEED experiments
dence of resistance for Au films of different thickness. The analysion Au crystals, the surface Debye temperature was found to
was performed with the size-effect models of Fuchs-Sondheimebe reduced to about 83 #.Compared tddp in bulk mate-

(FS) and Soffer.

rial, this means a reduction by about 50%. Physically, the
depression o is attributed to the lowered coordination

t(m  KuQcm Op(K) lipp(m) p,h/re number of surface atoms leading to their enhanced vibra-
tional amplitudes. As a result, the spectrum of the surface
FS 460 5.82 179.5 765 020 phonons is softened as compared to the bulk behavior, thus
25.4 6.23 187.3 1138 0.27  giving smaller values 0®.%°
19.8 5.88 168.9 207 0.16 In addition to diffraction experiments, in metal, can
12.0 5.88 168.4 204.0 028 also be extracted from the temperature dependence of the
71 584 158.2 54 015 resistivity as a result of the el_ectron-phonon coupling. Since
in a thin film the corresponding electron-phonon scattering
4.0 9.28 156.4 35 0.25 events occur at or close to the surface as well as within the
21 5.09 129.0 3.9 0.05  film, the extracted Debye temperature is expected to repre-
Soffer  46.0 5.00 158.9 282 0.18  sent an effective value with contributions from the bulk and
254 4.75 154.0 316 022 the surface. In a first approximation, we estimate the effec-
19.8 511 158.3 1107 026 tivevalue c_)f®|8 by as_suming_that three surface monolayers
12.0 4.70 156.5 11 0.97 of an Au film*® contribute W!th a value of 83 K_ and the
' ' ' ' remaining sample behaves like bulk. The resulting average
71 5.08 1551 37 0.34 values are given by the dashed line in Fig. 4. This rough
4.0 4.30 154.6 27 0.34  estimate describes th®p values as obtained from fitting to
2.1 4.97 128.6 2.8 0.15  the FS model surprisingly well, adding additional confidence

In the following, we will provide additional arguments

at least to the qualitative trends found 0.
When doing the same analysis as above but assuming the

allowing us to distinguish further between those two classimodel of Soffer, qualitatively the same trend is observed for
cal models. For this purpose, the values of the Debye terthe Debye temperature. Quantitatively, however, there is a
perature of our Au films obtained by fitting the experimentalsignificant difference. Even for Au films as thick a0 nm,
data to both classical size-effect models are analysee Op is still well below the bulk value. Quite generally, the
Table | for the full set of parametersThe results are shown Soffer model delivers too smal, values for films thicker
in Fig. 4 as a function of the thickness of the Au films. than ~20 nm. Furthermore, the values extracted from the
Clearly, for films with a thickness above 25 nm, the analysissame fits for the surface roughnéseanged between 0.78 A
within the FS model yields Debye temperatures close to th@nd 1.7 A, which, being significantly smaller than the inter-
Au bulk value of~185 K. For films with a thickness below atomic distance of Ald=2.35 A), are physically unreason-
20 nm, however, the Debye temperature is strongly reducedble. At this point, one might argue that the assumptiéh

It is well known from diffraction experiments on single- in Eq. (3) of a surface roughness profile with a vanishing
crystal surfaces that the surface Debye temperature is smalleerrelation lengtfL is not suitable for the present Au films.

200

To exclude that possibility, 25-nm-thick Au films were ex-
posed to oxygen/hydrogen plasmas before measuring the
temperature dependence of resistivity. Due to these plasma
treatments, the film surface is oxidized first to a depth of
~3-4 nm by the oxygen plasma and subsequently reduced
back into the metallic state by the hydrogen plasma. These
consecutive oxidation and reduction steps result in a notice-
able roughening of the Au surfaé&But even for these films
with their surface morphology artificially changed towards a

140+ higher roughness, the resistivity—if analyzed within the Sof-
Au films on No/sapphire AU film fer model includin_gL:O—deIiv_e_rs_ almost thg same val_u_es
' > on mica for ®p andh as without the artificial roughening. Thus, it is
120 1 L 1 1 1 1 L
o 10 20 30 20 50 e 70 concluded that the parameters extracted from the Soffer

thickness [nm]

model do not sensitively depend on the details of the as-
sumed surface roughness profiles. As a consequence, the

FIG. 4. Debye temperaturé;, as extracted from fitting experi- Cl€arly 100 small®p values delivered by this approach point
mental data to the models of Fuchs-Sondheimer and Soffer plottef? @ Principal weakness of the model. There are, on the other
vs film thickness(closed squar@sThe solid lines connecting the hand, previous experimefiten epitaxial Au films on mica
data points are just guides to the eye. The dashed curve represefifém thickness between-50 and 200 nm leading to the
the result of a simple averaging procedure assuming that 3 ML oPpposite conclusion that the model of Soffer is more appro-
the film contribute with a surface Debye temperature of 83 K ratheipriate to describe the temperature dependence of resistivity.
than with the bulk value. The dotted horizontal line indicates theSince, however, in that case grain boundary scattering could
bulk value®p of Au. not be excluded and a value 6~ 160 K is used, which
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for the range of film thicknesses analyzed in that study is tod0 nm. Due to the significantly improved structural quality
small compared to the bulk value, this conclusion is not conof these samples, for the first time the contribution of grain
vincing. Furthermore, too small values were obtained for theyoundary scattering to the experimental resistivity behavior
surface roughness.In contrast to those previous results, the can pe safely excluded. As a consequence, the number of
present experiments on epitaxial Au films lead to the conclup,rameters necessary to describe the results theoretically is
sion that the contribution of surface scattering to their resistaquced making such an analysis much more meaningful

tivity is consistently described by the original model of : . .
Fuc);\s-Sondheimeryeven thoughythe mogel of Soffer isConS|stentIy, applying the Mayadas-Shatzkes model, which
physically more apfoealing. is based on this type of scattering, to fit the experimental

While the comparison between the classical size-effecfesults led to the strongest deviations between experiment
theories and the experimental data leads to an unequivocand theory. Analysis based on the models of Fuchs-
conclusion in favor of the FS model, the influence of elec-Sondheimer and Soffer, respectively, clearly revealed the ne-
tronic quantization on the temperature dependence of resigessity to include a thickness-dependent decrease of the De-
tivity remains unclear. Even though the motion of electronspye temperature for Au films below 30 nm. Quantitatively,
perpendicular to the ultrathin and flat Au films is highly re- however, it turned out that the Soffer model delivers values
stricted, no obvious related deviation of the experimental befor poth the Debye temperatures as well as the roughness
havior from the classical FS size-effect model was observe arameters, which are too small to be physically acceptable.

Whereas the expected stepwise change of the density of 0gy, o *1he ayperimental results lead us to conclude that
cupied states should lead to observable effects in the th'Ck'mor;g the various size-effect theories. the model of Fuchs-

ness dependence of the resistivity, a related influence of Iev% dhei . . d ibe the eff f
quantization on the rather smooth temperature dependence gPndneimer Is most appropriate to describe the efiect o

resistivity is supposedly less distinct. In addition, smalltickness on the temperature dependence of our high-quality

thickness fluctuations might lead to smearing of any smalfrt films.

characteristics in the experimehand the low probability of

specular scatteringb—28%) possibly hinders the develop-

ment of deviations from t_he classical behavior. At this p_oint ACKNOWLEDGMENTS
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