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The dependence of thin-film resistivity on the thickness is known to be strongly influenced by
the interaction of the conduction electrons with the surface. Great efforts have been made in re-
cent years, mainly concerning the quantum-mechanical description of the surface scattering. De-
tailed discussions of this problem, however, suffer from the lack of information concerning the
real topography of thin-film surfaces. The development of scanning tunneling microscopy (STM)
now gives the chance of direct, quantitative imaging. In this paper, we use the topographic infor-
mation of STM to improve the fitting of theoretical descriptions to the measured thickness depen-
dence of the resistivity. The transport parameters obtained from these calculations show a high

degree of physical consistency.

INTRODUCTION

The thickness dependence of thin-film resistivity is the
subject of extensive discussions in literature. Clearly, the
surface gives rise to additional scattering of the conduc-
tion electrons (CE). This mechanism considerably en-
hances the resistivity, as long as the intrinsic scattering
length (mean free path /) is of the same order as the film
thickness. The resistivity enhancement is thus a direct
manifestation of the fundamental electronic transport pa-
rameter /.. Quantitative descriptions of the resulting
thickness dependence of the resistivity psm(d) (where d is
the film thickness) have been given, for example, by
Fuchs' within a semiclassical Boltzmann formalism. Re-
cent works 2”7 gave quantum-mechanical treatments of
this phenomenon using first-order perturbational theories.
In contrast with the semiclassical approach,' these calcu-
lations take into account the splitting of the electronic
density of states (DOS). In the limit of continuous DOS,
ie., for d>2n/kr (where kr is the Fermi wave vector)
the semiclassical as well as the quantum-mechanical
treatment show a correction to the bulk resistivity p. pro-
portional to 1/d, i.e.,

1+f[%,clm”. (1)

The constant ¢ is (1 —p) in the semiclassical treatment'
(p is the specularity parameter) or A2 in the quantum-
mechanical treatment of, for example, TeSanovi¢ and co-
workers®? (k is the rms value of the microscopic rough-
ness of the surface potential, which of course should not
exceed the Fermi wavelength).

Experimentally, however, the situation for polycrystal-
line films is not as simple as has previously been assumed.
A direct application of these theoretical approaches thus
is not practicable: Usually, polycrystalline films exhibit
both a microscopic (k) and a mesoscopic roughness (H).
Whereas the lateral correlation length 7, of the first one is
of the order of 1 nm or below,*%%° 7 coincides with the
size of the islands (i.e., mesoscopic topographic features)
found on thin-film surfaces. This is usually larger than at

Pfilm = Poo

43

least 10 nm;'° for polycrystalline films, 74 corresponds to
the mean crystallite size commonly ranging between 20
and 100 nm. Thus the microscopic roughness of the po-
tential gives rise to surface scattering of the CE, which
should be treated quantum mechanically. The mesoscopic
roughness H, however, represents large-scale fluctuations
of the local film thickness and can be taken into account
by averaging the local resistivity [Eq. (1)] over the whole
film: 7,11 —13

Pritm =<Ploc)film - Q)

If the mean film thickness d,, approaches H, this gives rise
to an additional correction of the resistivity which is of the
order of 1/d>.

Although good agreement can be obtained by fitting the
theory to experimental pgim-vs-d,, curves for single
films'*!3 as well as for multilayered structures, !¢ the reli-
ability of the obtained parameters is still under discussion.
This is mainly due to the lack of knowledge concerning
the detailed shape of the surface topography; in Ref. 11,
for example, the mesoscopic roughness was described by a
simple sinusoidal dependence, i.e., by one parameter rep-
resenting the amplitude. Clearly, the results of quantita-
tive STM imaging can remove this oversimplification. In
this paper, we discuss the reliability of this new applica-
tion of STM, using the example of thin polycrystalline Ni
films.

EXPERIMENT

The films have been evaporated in UHV with 0.1
nm/sec onto fire-polished Corning glass. In order to ob-
tain stable films at room temperature, the substrates were
held at 430 K and immediately cooled down to 300 K
after the evaporation. Details of the film production can
be found, for example, in Refs. 12 and 15, and the refer-
ences therein. The resistivity was measured using a con-
ventional four-probe technique.'? The structural charac-
terization of the films were performed ex situ mainly with
STM as well as with transmission electron microscopy
(TEM) and Auger electron spectroscopy (AES). A de-
tailed description of our STM can be found in Ref. 10.
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RESULTS AND DISCUSSION 5.0
STM 5 40
For a quantitative interpretation of the thickness- -
dependent resistivity of polycrystalline thin films, STM T 3.0
first has to clear up the dependence of the surface’s struc- ©
ture of the film thickness. Therefore, investigations have T 20
been performed at different stages of the film growth. - i
Two typical examples for our Ni films with thicknesses of 1.0
10 and 20 nm are shown in Figs. 1(a) and 1(b), respec- -
tively. 0.0 & 2 -.2 ! 2

Using a formalism reported recently,'”'® we conclude

that both images are highly resolved, i.e., more than 97%
of the real surface can be imaged by the tunneling tip.
This must be regarded as a precondition for a reliable
quantitative analysis. Qualitatively, both images show
strongly corrugated but similar surfaces; this statement,
however, is not sufficient for an introduction of STM re-
sults into quantitative theories. In Ref. 19, we therefore
proposed a quite complete characterization of the meso-
scopic surface roughness:

(a) Figure 2 shows the height distributions »(H)dH of
the two STM images of Fig. 1; r(H)dH is the relative
part of the surface located between height H and H +dH.
Here, H =0 when the height axis equals the mean film
thickness d,,.!° Given reasonable resolution, this function
gives a good estimate of the roughness. As can be seen

(a)

(b)

FIG. 1. (a) Scanning tunneling microscopy image of a 10-
nm-thick Ni film on glass substrates evaporated in UHV at 430
K (raw data). (b) STM image of a 20-nm-thick Ni film
prepared under the same conditions as the film in (a) (raw
data).

Height H {(nm)

FIG. 2. The roughness distribution »(H)dH of the two films
of Fig. 1. Crosses: thickness 10 nm; squares: thickness 20 nm.
The curve of the 10-nm-thick films is shifted by 2%.

from Fig. 2, the roughness distribution remains quantita-
tively the same for the two Ni thicknesses (10 and 20 nm).
The halfwidth of both curves amounts to (3.0 £0.2) nm,
the maximum depth of the surface irregularities is 6 nm
below d,,, and the height of the islands is smaller than 5
nm. Thus, as demonstrated by this STM result, the
roughness of the continuous Ni films under discussion
does not change with thickness, at least in the range 10
nm<d, <20 nm.

(b) The second task of STM imaging is the characteri-
zation of the lateral extensions of the surface corruga-
tions. For this purpose, the autocorrelation function
fac(1) gives a good estimate of the mean island (i.e., crys-
tallite) sizes.'® In Fig. 3, we show f,.(z) obtained from
the two films of Fig. 1.

Superimposed on the usual exponential behavior, both
autocorrelations show at least two additional features for
7> 0; the distance is (30 £ 2) nm in both cases (see Fig.
3). This indicates a well-defined distribution of island
sizes (i.e., the distribution does not follow a white-noise
law). Thus the mean island sizes can be estimated to be
between 28 and 32 nm for dni=10 nm as well as for
dni=20 nm.

In summary, the STM analysis yields constant values
for the roughness as well as for the correlation lengths in

foe(r) (100m?2)

T (nm)

FIG. 3. Autocorrelation functions fa.c(z) for the two films of
Fig. 1. Crosses: thickness 10 nm; squares: thickness 20 nm.
The mean distance between the two maxima (30 nm) is indicat-
ed.
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the thickness range between 10 and 20 nm. The next task
is the introduction of the results discussed in this para-
graph into quantitative theories of the thickness-depen-
dent resistivity.

STM results and the thin-film resistivity

Theories dealing with thickness-dependent resistivi-
ty! ~7!' commonly make use of three parameters. In a
combination of the model of TeSanovié and co-workers, >3
with an estimate of an averaged resistivity, '3 these are:
pw—the resistivity of infinitely thick (i.e., bulk) material,
! h >—the product of the intrinsic mean free path and the
square of the microroughness of the surface potential, and
H (x)—a one-dimensional function describing the mesos-
copic surface roughness, i.e., the fluctuating film thick-
ness.

For the films described in the foregoing section, the
function H(x) can be replaced by the results of quantita-
tive STM analysis. Two important preconditions, howev-
er, must be satisfied. The first is that the correlation
length 75 must be much larger than the Fermi wavelength
Ar; this is fulfilled for our films. The second is that the
mean height (H) of the surface corrugations must be
much smaller than the corrugation length 7.7 With the
data obtained for our films, a ratio of {H)/ry <0.13 can
be estimated.

Therefore, the STM results can be used for the con-
struction of H(x). The STM analysis, however, yields
r(H)dH, representing the two-dimensional distribution of
roughnesses, whereas H(x) is a one-dimensional height
function. In order to evaluate H(x) from r(H)dH, we
state that this height function should correctly represent
the real surface, i.e., H(x) must give the same height dis-
tribution as the original STM image.

From this statement, the equation

dH

r(H)dH =———F———
0 dH/dx | ) =n,

(3)

can be found. Figure 4 shows the result of the evaluation
of Eq. (3), i.e., the one-dimensional height function H(x)
corresponding to the STM images of Fig. 1. This function
now will be introduced into the averaging procedure [Eq.
(2)] of the thin-film resistivity.

(nm)

Height H(x)
b

_s 1 A I 1
-0.0 0.4 0.8
x (arb. units)

FIG. 4. The one-dimensional height function H(x) for our
Ni films evaluated from the roughness distribution of Fig. 2.

The thickness-dependent resistivity

For the quantitative description of the thickness-depen-
dent resistivity, the model of TeSanovi¢ and co-workers??
gives the local values of pfim:

Procld (x),1h?,pe]

=ncpm{i [H—

n=1

UhDk? (2 12177
67d (x) [n—] - @

Here, n. is the number of occupied subbands and d(x) is
the local film thickness. In our discussion, d(x) is given
by

d(x)=d,+H(x). (5)

Here, H(x) is the height function of the roughness ob-
tained from STM results [see Eq. (3) and Fig. 4].
The averaged, i.e., measured resistivity then becomes '

[d(x),lh?pe]
pood (x)

w (!
Pt (sl b 2, poc) = d’"lp = dx .

6)
With this description, the experimental results can be
fitted by a variation of only two parameters, i.e., p« and
the product /.h 2.

The results of this procedure are shown in Fig. 5 for the
Ni film presented in the STM image of Fig. 1(b). There
is good agreement between the theoretical and the experi-
mental curve for Ni thicknesses larger than about 7 nm.
From the STM results of Fig. 2, we can conclude that our
films become continuous at a thickness of about 6 nm.
Thus a percolative behavior, following a scaling law rather
than the theory discussed above, can be expected below
this thickness. Above this critical value of d,,, the experi-
ment can be fitted within less than 3% by the theoretical
expressions of Egs. (4)-(6). The parameters obtained
from the fitting calculations are po=(19.5%0.5) uQcm

/
/
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FIG. 5. The resistivity pum as a function of the inverse film
thickness of the Ni film of Fig. 1(b) measured during evapora-
tion (curve containing the data points) and the fitted theory
(solid line). Parameters: peo=19.5 pQcm, l-h>=1.25 nm?>
The critical values of the roughness found by STM are indicat-
ed.
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and /h?=(1.25%0.1) nm3. The corresponding values
of the single-crystalline material are psc =7 pQcm and
15(:z 17 nm.20‘2'

Whereas the obtained values are numerically stable
within a few percent due to fitting a nonlinear curve by
only two parameters, their physical consistency should be
checked. The onset of the Ohmic conductivity is located
at don = 3.5 nm, i.e., just at the value of the mean rough-
ness found by STM (see Fig. 2). This value naturally
should mark the beginning of the percolation mechanism
between 3.5 and 7 nm. At thicknesses exceeding the max-
imum depth of the bumps in the surface, i.e., for really
continuous films, the experimental curve closely follows
the theoretical descriptions of Egs. (4)-(6). The value of
P can be determined very accurately by measuring the
resistivity of thick films. We found, for example, pe
=(19%x1) uocm for 100-nm-thick films grown under
identical conditions. The product /A ? has to be physical-
ly consistent. In particular, # must be smaller than the
Fermi wavelength. Assuming that the increase of the
resistivity is due only to statistical (i.e., Boltzmann)
scattering, the minimal value of /. can be estimated from

o> 150 25C 7

On the other hand, /. </Isc must be fulfilled, anyway.
Thus, 6 nm </« <17 nm can be evaluated from the
fitting results. With /wh?==1.25 nm?, the possible range
of the microscopic roughness of the surface potential will
be 0.27 nm < h < 0.45 nm.?>* These values of & are plau-
sible, especially below the Fermi wavelength Ar. Note
that no restriction for the parameters was introduced dur-
ing the fitting calculation. The obtained parameters thus
have a good physical consistency. Comparing the results
with the original model of Fuchs,' a rather low specularity
parameter ranging between 0.1 and 0.4 can be estimated %2
from the results discussed above.

CONCLUSIONS

In summary, we applied the results of a quantitative
STM analysis in order to obtain a realistic description of
electronic dc transport in thin polycrystalline films, in-
cluding the mesoscopic surface roughness. Provided
reasonable resolution can be achieved, the height distribu-
tions and lateral correlation lengths of the surface topo-
graphies can be calculated from as-measured STM im-
ages. Due to their large correlation length, the evaluated
distribution of the mesoscopic (i.e., nanometer-range)
roughness can be introduced into the theoretical descrip-
tion of the thin-film resistivity by averaging the local resis-
tivities. This procedure thus replaces one parameter of
the theoretical description by quantitative experimental
results.

Fitting the theoretical expressions to the experimental
curves therefore can be performed by a variation of only
two parameters: The bulk resistivity and the product of
the intrinsic mean free path and the square of the micro-
scopic roughness of the surface potential. The values re-
sulting from this calculation show a high degree of physi-
cal consistency. As checked by STM results, the agree-
ment between the experimental and theoretical curve be-
comes very good for continuous films. The obtained bulk
resistivity agrees with the values measured on thick films.
Additionally, the product /.h? agrees with the theoretical
expectations; especially, A turns out to be smaller than the
Fermi wavelength.

Thus the results obtained so far seem to be very en-
couraging. Further efforts concerning two-dimensional
calculations and a detailed evaluation of surface scatter-
ing due to the microscopic roughness are in progress. 2>
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