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Grain-boundary effect in calcium thin films
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Deposition and study of calcium films were achieved under ultrahigh vacuum. The
latter was obtained with the use of an ion pump and a helium cryopump. The temperature
of the substrate ranged between 90 and 400 K. The electrical resistance was measured with

the use of a four-probe method with a constant current. Film thicknesses were in the range
between 20 and 300 nm. To obtain a stable film structure, samples were annealed to a tem-

perature near 400 K. The electrical resistivity of the annealed films exhibited a linear and

reversible variation with temperature. It was shown to be thickness dependent. For the
thickest deposits, electrical resistivity reached a constant value which no longer depended
on the thickness, but was a function of the film-deposition temperature. With the help of
electron photomicrographs and with use of the conduction model proposed by Mayadas
and Schatzkes, we calculated the fraction p of electrons which are specularly reflected at
the surface of the film and the parameter a depending on the reflection on grain boun-

daries. The influence of grain boundaries was calculated and the mean free path was de-

duced from these results.

I. INTRODUCTION

Polycrystalline thin films exhibit three kinds of
electronic properties: bulk properties, properties
that are induced by the surface, and properties that
are connected with the crystal arrangement and the
size of the aggregates. With alkaline-earth metals,
very liable to deterioration, it is not possible to use
direct electron micrograph techniques to investigate
thin-film structures. Indeed, the study of such
films has to be achieved in situ, under ultrahigh
vacuum (UHV). Bulk properties as well as surface
electronic energies can be obtained from optical or
photoemission measurements, ' whereas the shape
and the roughness of the surface are often studied
using electron photomicrographs of carbon replicas,
as shown by Rasigni et al. But none of these tech-
niques gives information about the aggregates inside
the film. The study of the electrical conductivity is
a method to obtain some information about the
structure of the bulk and to study transport phe-
nomena. The thickness of the film is a convenient
parameter, since electronic properties are thickness
dependent. The electrons are scattered by the grain
boundaries, and quantities like the mean free path
or the reflection coefficient at the grain boundaries
may give an idea of the film structure. Comparison

between optical and electrical properties ' enables
us to obtain a better understanding of experimental
results.

For calcium, optical properties were studied by
Hunderi, Marfaing and Rivoira, and Nilsson and
Forssell. Photoemission studies were performed by
Gaudart and Rivoira and by Kress and Lapeyre. '

On the other hand, energy-band diagrams were cal-
culated, in particular, by Mickish et al." and
Lopez-Rios and Sommers. ' The electrical resis-
tance behavior at high pressures and low tempera-
tures has been studied recently by Dunn and Bun-
dy. ' The essential purpose of this work is to study
transport phenomena in calcium thin films.

From a technical point of view, the study of the
alkaline-earth metals is difficult, because of their
great affinity for oxygen and water vapor. Clean
ultrahigh-vacuum conditions are needed to obtain
unaltered thin films that must be studied in situ.
Moreover, an annealing procedure is necessary to
eliminate defects and to get stable film structure.
In the final state, reversible changes in resistance of
thin films are observed. This study concerns con-
tinuous thin films (i.e., films made up of a single
material without holes), but our apparatus enables
us to study also lacunar films, i.e., presenting holes.
Data were compared with the Mayadas and
Shatzkes theory. '4
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II. EXPERIMENTAL ARRANGEMENT

Thin calcium films were obtained and studied in
situ at a pressure near 2&(10 ' Torr. A particular-
ly low pressure is very important as it is well known
that an ordinary vacuum induces thin-film altera-
tions and mechanical effects. ' Films were obtained

by thermal evaporation and deposited onto a cooled
silica substrate at a low rate (0.05 nm/s). The
thickness of a deposit, which is evaporation-time
dependent, was measured by means of the frequency
variations of a quartz oscillator, and ranged from
20 to 300 nm. The amount of metal deposited on
the substrate determines the structure of the film.
Such films are usually polycrystalline.

The UHV system (Fig. 1) was composed of three
parts: a pumping unit, an evaporating chamber,
and a cell for measurements. It is difficult to ob-

tain bulk alkaline-earth metals that have a high de-

gree of purity. It ensues that when outgassing and

during the thermal evaporation, a subsequent rise of
the pressure in the chamber has to be expected. If a
single ion pump was used, titanium plates would be
rapidly contaminated by metallic vapor. In order to
avoid this phenomenon, we combined a helium-

cooled cryopump with an ion pump. Calcium in-

gots of 99.9% purity were preserved under ul-

trahigh vacuum in the evaporating chamber, which
could be separated from the measurement cell by an

ultrahigh-vacuum valve. The ingots were placed in

an aluminum oxide crucible that was heated by
Joule effect. The distance between the vapor source
and the substrate was about 50 cm. According to
the previous work of Bondarenko and Makhov'
concerning the great importance of outgassing for
barium, various outgassing had to be done for calci-
um. During the evaporation of the film, the pres-
sure increases to 3&10 Torr in the cell and
5 g 10 Torr in the evaporating chamber.

The temperature of the substrate ranged between
90 and 400 K. It was measured using a thermocou-

ple set in the substrate. For cooling, the substrate
was pressed against a copper block, which was
cooled by liquid nitrogen. To reach temperatures
above room temperature, a resistance heater was in-
serted in the chamber otherwise used for liquid ni-

trogen.
To measure the electrical resistance of a thin film

we used the four-probe method. The film was 1.7
cm in length and 1-cm wide. At each extremity the
film overlapped a gold film to make electrical con-
tacts. On this gold film, thin gold wires were con-
nected by a single-component epoxy Epotek H31.
With respect to resistance measurements, let us con-
sider the current I that passes through the film. It
must be large enough to permit voltage measure-
ments between two opposite points of the film. But
too large a value may involve noticeable changes in
the structure of the film by thermal processes.
With continuous films, we used the range 10 A
and the error in the resistance measurements was
about hR/R =10

III. EXPERIMENTAL RESULTS

cv~~i
2
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FIG. 1. Diagrams of the experimental arrangement.
1: helium cryopump, 2: ultrahigh-vacuum valve, 3,4:
sorption pumps, 5: measurement cell, 6: substrate and
sample, 7: ultrahigh-vacuum valve, 8: evaporation
chamber, 9: ion pump, 10: ion pump and titanium
getter pump, 11: carbon electrodes.

We have checked that the calcium film was not
contaminated by residual gases in the cell. It was
maintained at low temperature (90 K) under ul-

trahigh vacuum for about 2 h. Various measure-
ments from time to time after deposition showed
that its resistance did not vary with time. Then, if
the film was placed under atmospheric pressure, its
resistance was increased slowly during a few
minutes, and then very quickly. After 15 min the
electrical resistance was infinite.

Vacuum-deposited films show a high resistivity
compared to that of the bulk. It is well known that
annealing decreases generally the resistivity of thin
polycrystalline films. This has been attributed' to
the decrease of the concentration of structural de-
fects. In certain instances, however, heat treat-
ment' may lead to an increase in resistivity because
of the effect of oxidation and/or agglomeration.
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Thus, for calcium films evaporated directly at room
temperature, an annealing to 400 K induces an in-

crease in resistivity. We do not try a higher tem-

perature because calcium exhibits a phase transition
near' 700 K and this effect would be an inconveni-

ence for the electrical measurements. To observe
the decrease in resistivity with annealing, the film
was prepared at low temperature (90 K); then the
temperature was increased to room. temperature and

then up to 400 K.
The variations of the electrical resistance versus

temperature during annealing are shown in Fig. 2.
The values of the resistance are taken for each de-

gree, which corresponds to a measure of 45 s for
each degree, approximately. With continuous films,
the resistance exhibits variations versus temperature
that agree with Vand's predictions. For suffi-
ciently high temperature, the resistance exhibits a
minimum, which is followed by an increase. The
latter indicates that the structure of the film has
been stabilized, lacunar defects and surface defects
being eliminated. Electron photomicrographs were
made using the carbon-replica technique. ' Before
annealing, the surface structure exhibits irregular
roughness. After annealing, the surface
roughnesses are partially erased (Fig. 3).

After the increase in the resistance has been ob-

served, the film was cooled and a linear decrease of
resistance was noted. The uniform decrease is due
to the resistivity contribution by thermal vibrations
of the lattice, the defect density remaining constant
below that of the maximum temperature. During
the second cycle of cooling and heating the change

2.0-
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100 300
TEMPERATURE (K)

FIG. 2. Variations of the electrical resistance during
annealing. The mass thicknesses of the films are,
respectively, 1: 132.5 nm, 2: 130 nm, 3: 125 nm, 4:
106 nm, 5: 87.5 nm.

of resistance with temperature is linear (Fig. 4).
From electron photomicrographs it can be seen that
films with a mass thickness near 30—40 nm have a
structure between lacunar and continuous. Hence,
the effect of annealing is more important in this
case. If the mass thickness is lower, the film struc-
ture is lacunar. An increase of the temperature
from the cooled substrate temperature involves an
increase of the electrical resistance (Fig. 5). Then, a
behavior close to reversible is obtained. With con-
tinuous films, the slope of the linear variation of the
electrical resistivity changes with the film thickness

FIG. 3. Electron micrographs of a continuous calcium film (a) before annealing, (b) after annealing. The lines
represent 70 nm.
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FIG. 4. Electrical resistance plotted against tempera-
ture for two continuous films.

(Fig. 6). In spite of a small concavity, linear varia-
tions are a good approximation of these curves in
the whole range of temperature. The slope of these
curves, which was determined between the room-
temperature and liquid-nitrogen temperature, in-

creases with the film thickness. It must be em-

phasized that the resistance versus temperature re-
sults found for calcium films are similar to those
for many other metals. '

The electrical resistivity changes with the thick-
ness of the film. These variations can be seen in

Fig. 7 for various annealed films (400 K) deposited
with the same deposition rate. When the mass
thickness is small, the film is discontinuous. Hence,
the values of the electrical resistance are great and
the conduction is not metallic. It is not our purpose

FIG. 6. Electrical resistivity plotted against tempera-
ture when the reversible state is reached. The film
thicknesses are, respectively, 1: 43 nm, 2: 130 nm, 3:
132.5 nm, 4: 256 nm.

to study a conduction in the present paper. When
the mass thickness reaches a value near 30—40 nm,
the film structure becomes continuous and the holes
can be neglected. With greater values of the thick-
ness the electrical resistivity reaches a constant
value. The latter is reached with thicknesses greater
than d2-170 nm, approximately. Then, the electri-
cal resistivity does not depend on thickness, but de-

pends on the film temperature.

IV. DISCUSSION

The first analysis of electrical measurement data
for thin films was carried out by Fuchs and
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FIG. 5. Electrical resistance plotted against tempera-
ture for a lacunar film: d =22 nm.

THICKNESS (n m)

FIG. 7. Electrical resistivity vs film thickness. RT is
the curve obtained at room temperature for annealed
films. The curve T=100 K was also obtained for an-
nealed films.
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developed by Sondheimer, who proceeded from
the solution of the Boltzmann equation. In this
model, the film is considered of uniform thickness d
and limited by plane surfaces, which introduce
boundary conditions on the distribution function of
the electrons. The general theory assumes that a
fraction p of the electrons are reflected specularly at
the surfaces while the rest are scattered diffusely. p
is supposed to be independent of the direction of
motion of electrons and varies between 0 and 1.
From the distribution function, the total resistivity
of a film is given by

3
pt =po

2k

1 —e-"
x J ——— dt

] j3 f5 1 pg
kf

where k =dllo is the ratio between the film thick-
ness and the intrinsic mean free path 10 of the bulk
metal, and po is the resistivity of the bulk metal.

For thick films, i.e., k yg1, an approximation of
Eq. (1) was given by Sondheimer~3 as follows:

3(1—p)
py po 1+

8k
(2)

and for very large k, a more accurate relation to be
used for quick calculations was obtained by
Soffer.

At this stage, if we remember that specular
scattering may occur at the two surfaces of the
film, the specular parameter p may vary with the
nature of the surface. From this assumption I.u-

cas introduced two different parameters p and q at
the two film surfaces so that Eq. (2) transforms as

pf —po +
3[1——,(p+q }]

Sk

Although this assumption is reasonable, it is very
difficult to separate the influence of each surface of
the film on the specular reflection process, and we
will use only the parameter p which can represent
an averaged value.

The main objections one can find in this theory is
that the film approximates a plane-parallel single
crystal of metal. In practice this is not the case be-
cause evaporated or sputtered films are composed
of randomly dispersed polycrystallites and exhibit a
rough structure, which is ignored in the Fuchs-
Sondheimer (FS}model. Such a structure is shown
in Fig. 3.

Py

Ps f(~)

where

(1—p)
6

+k

cos P 1 1x dP H'(t, P )

(4)

x ' dt,1 —exp[ ktH(t, g)]—
1 —p exp[ ktH(t, g}]—

with

H(t, g)=1+a (cosP) 1 ——1
2

' —1/2

One of the first attempts to measure the influence
of grain boundaries on resistivity was made by An-
drews et al., who studied polycrystalline copper
and aluminum, while the theoretical model was
achieved by Mayadas and Shatzkes' (MS). In their
model, Mayadas and Shatzkes consider the resistivi-

ty to be due to isotropic electron scattering (caused
by point defects and phonons), to surface scattering
(FS effect), and to grain-boundary scattering. These
authors started from the assumption that an
evaporated or sputtered film is made of grains that
grow in a columnlike fashion extending from the
substrate to the top of a film (this situation may be
observed experimentally for several materials and
metals, but we did not see it for calcium). With this
hypothesis, grain boundaries are represented by a
series of randomly electron-reflecting parallel planes
oriented perpendicularly to the film; generally their
average distance may be identified with the grain
diameter ag as determined by electron microscope
investigations.

For calcium films, which exhibit a great chemical
affinity for oxygen and water vapor, we used the
carbon-replica technique under ultrahigh vacuum to
obtain a replica of unaltered structure. To obtain
good contrast and to measure the grain mean height
and the grain diameter we used carbon replicas with
platinum shadowing at an angle near 70'. From
Fig. 3 we measured ag -17 nm after annealing at a
temperature near 400 K.

For a polycrystalline film of thickness d, the total
resistivity p~ including isotropic background
scattering, grain-boundary scattering, and external
surface scattering has been calculated by Mayadas
and Shatzkes' as



26 GRAIN-BOUNDARY EFFECT IN CALCIUM THIN FILMS 5421

where

po

f(a) ' (6)

f(a)=1——,a+3a —3a ln 1+—
Q

p~, which represents the resistivity due to both iso-
tropic background scattering and grain-boundary
scattering, is connected to po by the relation E

c

E 20-

N

0
K

10-
lC

and

Io

ag 1 —R'
R being the grain-boundary reflection coefficient,
namely the refiection coefficient of a plane for an
electron.

By using the relation (6) the expression (4)
transforms as follows:

(8)

Unfortunately, Eq. (4) and (8) cannot be evaluated
analytically but only numerically. As excessively
long times are necessary to compute the integrals of
(5) by conventional methods, several authors
have given numerical tables or an approximate ex-
pression for (5) that allow high-speed calculations
needed to obtain the particular p and o. giving the
best fit with experimental data. However, several
remarks may help to reduce fitting time, The first
one concerns the estimate of p and deals with previ-
ous work on the resistivity of polycrystalline films.
It is generally shown that the best fit between exper-
iments and the MS model is obtained for p ranging
between 0 and 0.5 with the most frequent value

p =0.
The second remark concerns a. It can be seen

from relation (6) that the value of a can be deduced
from the knowledge of ps. Mola and Heras have
shown that the general equations of the Mayadas
and Shatzkes theory (MS theory) can be approxi-
mated by

pjd =ps[d+N(p, a }Io],

where pg, defined earlier can also represent the
resistivity of a polycrystalline film of infinite thick-
ness and N(p, a) a numerical function of the two
parameters p and u.

Finally, the third remark concerns k. For large k
values, it is not necessary to calculate the integrals
of (8) for each k. Indeed, very small variations of

'IOO 200 300

the exponential terms are observed with increasing
k so that (8) may be approximated for given a and p
by

p/(k, p, a )

po

1 11+— 1
f(a ) k PI( l,p, a )/ps

. (10)

These equations do not give high accuracy but they
enable one to obtain a rapid estimate of the varia-
tion of py/po vs k for large k values when a pair
(p, a) has been found.

& = 0.5

& = 0.3

1=0

I

10 Ic

FIG. 9. Fit of experimental data on calcium films to
the MS model at room temperature. Network obtained
for a=1.36 and various p values. ~ indicates experi-
mental results.

THICK NESS (n m)

FIG. 8. Variations of the quantity p~d vs d for a
series of calcium films at room temperature.
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FIG. 10. Fit of experimental data on calcium films
to the MS model. Network obtained for p =0 and vari-
ous a, at room temperature.
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FIG. 12. Fit of experimental data on calcium films
to the MS model at 200 K. Network obtained for
a =2.29 and various p values. 0 indicates experimental
results.

From the slope of the experimental curve shown
in Fig. 8 we found at room temperature

pg ——10.30 pQ cm and then u =1.36. As previously
indicated this value of pg can represent the limiting
resistivity of thick films.

Using various a and p values and with the help of
a computer we directly calculated Eqs. (4) and (8)
for Ca. The results of these calculations are shown
in Figs. 9 and 10 and compared with experimental
data. In these plots the k values are equal to the
film thickness divided by the electron mean free

path. It is evident that the comparison of experi-
mental curves with theoretical ones needs the
knowledge of the mean free path lp. The deter-
mination of lp was obtained in the following way.

We assume in a first approximation that the
number of free electrons per atom is taken to be
equal to the valence of the metal. The value of pplp
is then calculated from the equation

' I/3
e2 n2

(11)
Polo

Pg

Po

4-
P= 0.5

P =0.5
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7 w
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FIG. 11. Fit of experimental data on calcium films
to the MS model at 250 K. Network obtained for
a =1.68 and various p values. ~ indicates experimental
results.

FIG. 13. Fit of experimental data on calcium films
to the MS model at 150 K. Network obtained for
a=3.3 and various p values. 0 indicates experimental
results.
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FIG. 14. Fit of experimental data on calcium films
to the MS model at 100 K. Network obtained for
a =5.6 and various p values. 0 indicates experimental
results.

As po ——3.6 pQ cm for Ca, we deduce to ——27.2
nm. This procedure is expected to give at least a
semiquantitative description of the conduction
phenomenon in polycrystalline Ca films.

It can be seen in Fig. 9 that for thick films the

pf/po values are practically equal to the thick-film
limiting value. In a large range of thicknesses, Eq.
(8) is not very sensitive to the variations of p be-

tween 0 and 0.5; however, numerical theoretical
values for pflpo decrease with increasing p. For
thinner films, a concavity is observed on the curves;
in these regions the sensitivity to the p value enables
one to find the best fit between theory and experi-
ment.

At room temperature the experimental deter-
mination of the p value based on the MS theory is
particularly difficult. Looking at Fig. 9, it seems

that the value determined for p depends almost en-

tirely on a single experimental point. To define this
value more accurately, we have conducted studies
towards lower temperatures. With such conditions
the mean free path lo increases and the k value de-
creases for a given film. The various results report-
ed in Figs. 11—14 show that the best fit between
experiment and theory is obtained for @=0. The
results indicate that even if specular reflections oc-
cur in thin continuous polycrystalline Ca films,
their contribution to the total resistivity is insignifi-
cant.

With p value obtained in this way, it is then pos-
sible to deduce the mean free path lo using the MS
theory. Indeed, for two different films prepared
under the same conditions we can write

and

pf(ki, p, a )
=[f(a)—A(k„a,p)]

po

pf(k2, p, a ) =[f(a)—A(kz, a,p)]
po

(12)

(13)

if we assume that the values for a, p, and po are
thickness independent. Then

and

pf(ki, p, a ) f(a ) —A(k2, p, a )

pf (k2,p,a ) f(a ) —2 (k l,p, a )

d) k)

d2 k2

(14)

(15)

With the values of pf (k i,p, a )/pf(k2, p,a ) and

di/d2 being given from experimental data, we can
solve Eqs. (14) and (15), and obtain the exact values
of ki and kz. The mean free path is deduced im-

mediately as follows:

TABLE I. Mean free path lp at room temperature calculated from Eqs. (14)—(16).

Thickness
d~ (nm)

43
43
43
43
43
43
74.5
74.5

Thickness

d2 (nm)

165.3
251
256
125
132.5
105.5
165.3
251

lpga

lp (nm)

27.9
27.7
28.1
30.7
27.6
32.2
33
32.3

Thickness

d& (nm)

132.5
132.5
132.5
165.3
165.3
74.5

251

Thickness

dq (nm)

165.3
251
256
251
256
25
256

lpm

lp (nm)

31.5
30.8
30.1

30.2
29.5
32.1

27.3



5424 RENUCCI, GAUDART, PETRAKIAN, AND ROUX

lo=
ki kq

(16)

pgb=pg po (17)

Using po
——3.6 pQ cm for calcium, we found

psb ——6.70 pQ cm. Another expression of psb has
been found by Guyot ' including the Fermi surface
SF of the metal:

12m fi S
Pgb SFe

(18)

where S/V represents the grain-boundary area per
unit volume. Usually S/V is taken to be 2.6/as for
normal grains of diameter as whereas in films with
a columnar structure S/V=2/as as indicated by
Gurp. If we want to check this model with the
MS model, i.e., if we assume a spherical Fermi sur-

face, we have

12m. fi
SF——

pl

Equation (15) shows that the accuracy of the
method to get lp needs precise measurements of the
thicknesses d

&
and dz.

We have solved Eqs. (14) and (15) with a comput-
er. The results of our calculations are reported in

Table I for fifteen pairs of films. It can be seen that
the averaged value of the electron mean free path lo
obtained from our experimental data is

Io ——30.1+2.9 nm. We must note that the use of the
approximate equation (9) gives lo =26.9 nm.

Now, it is important to examine the influence of
grain boundaries on the total resistivity. To solve
this question, attention has been paid to the relative
dimension between the grain size and the mean free
path l due to other scatterers. In particular, it is
well known that if the grain size becomes compar-
able to the mean free path, the grain-boundary

scattering may produce a deviation from the
Matthiessen's rule, i.e., pg cannot be expressed as
the sum of a resistivity psb due to grain boundaries
and po due to the background. However, according
to MS (Ref. 13) and Pichard et al. this deviation is
lower than 5% and a good approximation for psb is
as follows:

gives for calcium psb
——6.89 pQ cm. The deviation

with the first value of psb is lower than 3%. It sim-

ply means that at room temperature the approxi-
mate value S/V=2. 6/as remains valid for Ca
which does not exhibit a spherical Fermi surface at
all, as shown by Altmann and Craknell. For other
temperatures, the values of psb calculated from Eqs.
(17) or (19) are given by Table II.

V. CONCLUSION

Thin calcium films have been obtained under ul-

trahigh vacuum by thermal evaporation onto a
cooled substrate. Generally, films contain many
structural defects. By applying a relatively mild
heat treatment some of these defects disappear.
This leads to a corresponding decrease in the film
resistivity. For each film, the variations of its resis-

tance versus temperature agree with Vand's predic-
tions.

With the thickest deposits the resistivity reaches
a constant value pg that no longer depends on the
thickness, but depends on the film temperature. To
explain the high value observed for ps, we have
used the conduction model proposed by Mayadas
and Schatzkes that includes grain boundary scatter-
ing. We have shown that the contribution of specu-
lar scattering to resistivity is not significant,
whereas diffuse scattering occurs for 100, 150, 200,
250, and 300 K. From the knowledge of the
parameters p and a, we have deduced the mean free
path for polycrystalline films. To find the grain-
boundary scattering contribution to the resistivity

we calculated the grain-boundary resistivity pgb by
means of the formula of Guyot or Matthiessen's
rule. The values of psb so found is of order of twice
the value of the resistivity of the bulk material.

Another electrical quantity of importance is the
temperature coefficient of resistivity (TCR) namely,

Bpf

TABLE II. Grain-boundary resistivity p~b at various
temperatures derived from Eqs. (17) and (19), respective-
ly.

and we obtain another expression of pgb, i.e.,

2.6
Pgb =Polo' (19)

ag

At room temperature, with po
——3.6 pQ cm,

lo ——27.2 nm, as =17 nm, and R =0.46 [this value
was deduced from Eq. (7) with a =1.36] Eq. (19)

TK

100
150
200
250

p b [Eq (17)]
(pQ cm)

7.44
7.27
7.15
6.90

pub [Eq. (19)]
(pQ cm)

7.34
7.22
7.16
6.98
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This parameter is expected to be different for a
thin film and the bulk material. In the past, various
attempts have been made to obtain the bulk
value Po from the TCR Ps of an infinite polycrys-

talline film. A review of the different models used
for this purpose and a new one, giving the best fit
with calcium data, will be developed in the near fu-
ture.
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