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Ohm resistivity of electroless copper layers
as a function of their thicknesses
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The electric Ohm resistivity of electroless Cu depositions on dielectric substrates as

a function of their thicknesses is studied. Substantial deviations (up to 10-20 times) from the
standard resistivity (p,,=1.7 uQcm ") below 0.5 um thicknesses are observed. The
experimental data show for the entire region of thicknesses (d,, ~ 0.07-5 um) a power
function between the relative resistivity changes (Ap/p,) and the inverse thickness of
depositions (d., ) —(Ap/p, ) ~(1/d,,)°8. This empirical relation is discussed as an effect of the
porous structure of the metallic layers deposited on the substrate. A scanning electron
micrography was applied in order to visualize the morphology of the depositions. The
micrographs clearly show the evolution of the deposition profile: starting from separate
islands at the very beginning of the process, and gradually covering the entire area with

continuous but porous metal layers.

1. Introduction

The properties of chemically deposited copper coat-
ings, such as high conductivity, good soldering ability,
deposition at room temperature, make them suitable
as sublayers for metallization of dielectrics. Later, sub-
stantial successes were achieved in preparing more
stable electroless plating baths with improved plating
rates.

The process kinetics [1, 2], the mechanism of cop-
per deposition [3-5], the role of the components and
additives involved and the chemical nature of the
reaction [6—8] are investigated in detail. The studies
cited in the literature are mostly on the mechanical
properties_ of chemically deposited copper films over
20 pm thick [9], while reports on the properties of thin
films are very scarce.

The aim of the present study is to investigate
the electrical properties of thin (less than 5 um)
chemically deposited copper films. In particular, the
change in resistivity is traced as a function of the film
thickness.

Prior to chemical deposition, the dielectric
surface needs to be activated by treatment with
solutions lowering the activation energy of indi-
vidual points of the surface. These points become
active centres for metal deposition. The island
like structure thus obtained expands during the
process of copper deposition to form a continuous
but rough coating. The isolated metal centres
have infinite resistance, so the coating exhibits con-
ductivity not earlier than reaching a percolation
point.
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2. Experimental procedure

A chemical copper bath operating at a deposition rate
of 2-3 yumh~! at 50°C was utilized. The two basic
components (CuSO, and CH,0) and the pH of the
solution were monitored. The samples, with dimen-
sions 10 x 100 mm, were made of epoxy fibreglass
FR-4. The resistance of copper coated samples with
deposition duration of 15 s to 120 min was measured.
The ohmic properties of the thin films were analysed
by the conventional approach, applied to the descrip-
tion of heterogeneous media. The substance was as-
sumed to have a homogencous structure, so the
parameters of the other properties (electrical, optical,
mechanical, etc.) were examined as effective. In this
case, from the resistance, measured by the four probe
method, using the known formula

pa = (su/L)R in uQcm™!

an effective specific resistance coefficient, po, was cal-
culated. Here, s, is the cross-section of a dense con-
ductor with an area s, = ad,, (where a is the sample
width, in this case 10 pm; L the sample length, equal
to 100 pm; d,, the thickness of dense copper, pro-
portional to the deposited amount, M, = (Ls, )Pcus
where pe, =896 gem™? is the copper density. As
becomes obvious, the cross-section, s, and the thick-
ness, d,,, are proportional to the deposited quantity,
Me,. They do not contribute additional information
about the coating structure, but are very illustrative.
That is why the experimental results are based on
them, and, in particular, on the average coating thick-
ness, d,. Beside measuring the resistance, R, the
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quantity of copper on the samples was determined.
From the results of M, and R, d,, and po were
calculated, and afterwards the relation between them
was sought.

3. Results and discussion

Fig. 1 shows the kinetics of the chemical deposition of
copper on dielectric for the first 45 min. The constant
deposition rate gives grounds to exclude the presence
of structural changes during the process. Fig. 2 illus-
trates the relationship between pg and d, calculated
from the experimental data about R and Mc,. The
same data are plotted in logarithmic scale in Fig. 3.
The straight line with a slope 0.8 corresponds to
the empirical relationship (po — pPw)/Pew = const/d %3,
The resistivity of dense copper, cited in the literature,
is py, =1.67puQcm™!. The lowest values reached
in the present experiments are p, ~ 2.0 uQcm™1! at
thicknesses of about 5 pm.

In the theory of electrical conductivity of thin films,
the models of Fuchs—Sondheimer and Mayadas—
Shatzkes [10], related to the resistance of dense
metal thin films, are most prominent. In both cases,
the final results are reduced to one and the same
dependence of the resistance on the thickness
Ap/ps, ~ d3'. For evaporated (dense) copper films,
the range of thicknesses at which noticeable changes
in the resistivity are observed, is determined by the free
paths of the electrons in the metal (20-40 nm for
copper [10, 11]). The conventional technique for de-
position of dense thin metal films is by evaporation. In
[11, 12] there are data about pa(d,) of evaporated
copper on a quartz (glass) surface. They correspond
qualitatively to the theoretically predicted relation in
the thickness range d = 0.03-0.3 um and show values
pa(de) = 5-3 pQcem™?, that are several times lower
than those measured at the same effective thickness. In
this case, the changes in pq are observed as early as
d,, ~ 3 um and they vary in the range 30-2 pQcm™!
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Figure 1 Kinetics of deposition of electroless copper on epoxy fibre-
glass substrate.
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Figure 2 Resistivity of electroless thin copper films as a function of
their average thickness. The asymptote p, = 1.7 uQcm ™ corres-
ponds to the resistivity of thick films.
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Figure 3 The results from Fig. 2 plotted in logarithmic scale. The
linear regression analysis yields a straight line with a slope 0.8.

at thicknesses, d,, of 0.1-3 pm (Fig. 2). This indicates
that the nature of the effects governing the conduct-
ivity of chemical coatings, is different from that in
dense conductors.

One possible explanation of this effect is that chem-
ical coatings have definitely a rough structure, rather
than a dense structure. The micrographs from a scann-
ing electron microscope for different deposition times
help trace the formation of the copper coating. As seen
from Fig. 41, the dielectric is studded with craters. The
formation of the copper film begins on the edges of
the craters and subsequently the craters become full
(Fig. 4a—¢). Fig. 4a displays filled craters, but the
rough structure of the coating is clearly visible. Similar
is the outlook of chemical copper coatings at
d, ~5um on other types of substrate (acrylnitryl
sublayer, copper foil, glass, unpublished data). This
shows that over a certain thickness the structure of the
chemical coating probably is not influenced by the
substrate, but depends only on the physico—chemistry
of the process [13].



Figure 4 Scanning electron micrographs of electroless copper deposits of different thicknesses from a chemical bath at 50°C: (a) 4.2 um,
(b) 2.3 pm, (¢) 1.6 pm, (d) 1.28 pm, (e) 0.67 pm and (f) the surface morphology of the epoxy fibreglass FR-4 used as a substrate.

The rough structure imposed a more detailed
monitoring of the distribution of the resistance along
the sample. Fig. 5 illustrates the results from the
measurements of the resistance of electroless copper
depositions (d,, ~ 4—0.4 pm) at 100 mA d.c. current
along the sample. The ten measurement points are
equally spaced from one another. The linearity of the
plots shows macrohomogeneity of the coating, and the
lack of an intercept indicates that the contact resist-
ance is negligibly small. These data prove the correct-
ness of the experiment.

Ohm law, in the form R = p,L/s, is valid for dense
conducting media. Porous media can be modelled as
a net of parallel and in series connected conductors
with resistance, R, in accordance with the well known
formula

'L
R = p, f dlyy. (1) (M)
11
Here L is the length of the sample, and s;(1) is the area
of the ith separate conductor at a given cross-section
of the sample.

From the rule of the parallel conductors it follows
that, for the resistance to be of importance the total
conducting area must be S(I) = Zs;, rather than the
conductor distribution. Thus, the resistance of a net-
work with complex bounded elements becomes equiv-
alent to the resistance of a single conductor with an
area S(I) equal to the sum of the areas of the separate
conductors

R = pg del/S(l) @

0
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Figure 5 Verification of the macrohomogeneity of the coatings at
different thicknesses, along the samples. The voltage (d.c. current,
I = 100 mA) is a linear function of the length of the conductor with
zero intercept: (a) 4.14 pm, (b) 2.9 um, (¢} 1.5 um, (d) 1.15 pum, (&)
0.88-um, (f) 0.53 um and (g) 0.43 pm.

In order to calculate the integral in Equation 2 one
has to know the distribution of the area S(/) along the
sample length, L. This is a complicated stochastic
problem, but in any case the real profile can be pres-
ented by its mean value and variance, i.e.

S = (8 £ [K(AS)*>]Y?
where the mean value is defined as
'L

(8> = L‘lf () di

(0]
and the variance as
L
(A8 = L”J (S — (8>l
0

respectively. With the same degree of accuracy
the integral in Equation 2 could be replaced by the
sum

s = 2l
oSO T 2[GS) + K@sHIT

1
+
8 — [<(AS)2>]”2}
and for the resistance, R, one gets

SHL L

MO ST IR

3)

The last inequality emphasizes the fact that the
resistance of a conductor with homogeneous cross-
sectional area is smaller than that with variable area at
constant amount of conducting matter (M, = const).
From Equation 3, and the definition introduced
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above, p = (S/L)R, one obtains easily

Po — Po _ _ C(AS)?)/<S)?
Peo 1 — <(AS)*)/<{S>?

This is the final result of the model here proposed,
giving the effective resistance, pg, of a conductor with
a constant intrinsic resistance, p,,, but with variable
cross-section (approximately characterized by the
relative fluctuation, ((AS)?>/{S>?). The present ex-
perimental results for the same quantity, pg, have
chawn an empirical relation (see Fig. 3)

(Pa = Po)/Poo ~ 1/d5° )

As a matter of fact, the presented viewpoint turns the
problem of the conductivity of thin electroless copper
films into a problem of their structure. Further, it
would be useful if Equation 5, with the help of Equa-
tion 4, and the definition S = ad, (at a = const) was to
be rewritten as a relation for the thickness fluctu-
ations, Ad, and thickness mean value, d,

@apyie, 1 .
[— @D/~ &

)

The empirically established dependence, Equation 6,
represents a reasonable tendency: the thicker the de-
position (the more deposited matter), the smaller the
relative thickness (density) fluctuations. In the range
of thicker layers, where ((Ad)?>/d% (1(d.,>2 um, see
Fig. 2), Equation 6 tends to

(Ad)y)/ds,

The result, Equation 7, resembles the well known law
of thermodynamic fluctuations {(AA)?>/{(AY% ~ 1/{0).
The smaller power 0.8 in the case discussed here, could
be interpreted as a sign of correlation during the
electroless deposition. Note, that the power one in the
case of thermodynamic fluctuations reflects a total
non-correlated process.

1/d%? 7

4. Conclusions

It is shown that the ohm resistivity of electroless
copper films is a power function of their inverse thick-
nesses. The observed higher resistivity is treated as an
effect of the porous structure of the deposition. This
model is visualized by scanning electron micrography
showing clearly separate copper islands at the begin-
ning of the process, gradually covering the substrate
area with continuous but porous metal layers.

References

1. J. NUZZzI and M. DONAHUE, J. Electrochem. Soc., Elec-
trochem. Sci. & Technol. 127 (1980) 51.

2. ). NUZZI, M. DONAHUE, K. L. M. WONG and R.
BHALLA, ibid. 127 (1980) 2340.

3. J.E.A.vanden MEERAKER, J. Appl. Electrochem. 11 (1981)
387.

4. Idem, ibid. 11 (1981) 393.

5. Idem, ibid. 11 (1981) 395.

6. J. NUZZI1, Plating & Surface Finish. 1 (1983) 51.



7.
8.
9.
10.

11.

R. VELEVA, Surface Coatings Technol. 29 (1986) 87.

J. BIELINSKI and K. KAMINSKI, ibid. 31 (1987) 223.

J. J. GRUNWALD, L. SLOMINSKI and A. LANDAU,
Plating 60 (1973) 1022.

K. L. CHOPRA, “Thin Film Phenomena” (McGraw-Hill,
New York) Ch. 2.

E.G.SILAS,E.KARAWACKI and M. N. KHAN, Thin Solid
Films 92 (1982) 278.

12 N. ARTUNC and Z. Z. OZTURK, J. Phys. Condens. Mater

5 (1993) 559.

13. S. NAKAHARA, C. Y. MAK and Y. OKINAKA, J. Elec-

trochem. Soc. 140 (1993) 588.

Received 31 May
and accepted 10 October 1994

2219



