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An elasticity study of Al and Ag nanometre films 
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Abstract 

The Young modulus E for as-deposited Al nanometre films (nm-films) and E and the internal friction Q-’ for 
as-deposited Ag nm-films were investigated by means of a vibrating reed technique where the nm-films were 
deposited on the (100) surface of Si reeds. E in Al nm-films shows a strong decrease from Eb of bulk Al with 
decreasing thickness d below about 10 nm. This decrease in E can be explained by assuming a mean grain size 
of about ad, EGB =2X 10” Pa and tGB= (0.3-O.S)a nm, where (Y is a proportionality constant and EGB and fCB 
are the Young modulus and thickness of the grain boundary subregions respectively. E in Ag nm-films varies 
with the surface state of the Si reeds; for a similar surface state it tends to decrease with decreasing d. The Si 
reeds with an Ag nm-film show a very sharp Q -’ peak at around 155 K. The 155 K peak shows no frequency 
dependence and no hysteresis under thermal cycles. We surmise that the 155 K peak is associated with some 
changes in the elastic accommodation in the interface subregion between Ag and Si. 

1. Introduction 

Understanding of metallic thin films is important for 
semiconductor technology and is also an interesting 
subject in materials science. It is known that pure 
aluminium has been replaced by various dilute alloys 
for the metallic interconnections in silicon integrated 
circuits owing to the electromigration problem at grain 
boundaries. The magnitude and state of the internal 
stress in metallic thin films and lines are of current 
interest (e.g. ref. 1). In metallic thin films both the 
fractional volume of the near-surface region and that 
of the near-interface region increase with decreasing 
thickness d. In polycrystalline films the fractional volume 
of the near-grain-boundary region can comprise a con- 
siderable part. For aluminium 100 nm films deposited 
on a silica substrate Berry and Pritchet [2] found that 
the character and mechanism of anelastic relaxation 
relevant to grain boundaries are entirely different from 
those in bulk aluminium [3], i.e. grain boundary sliding 
under constraint by the substrate. For the Young mod- 
ulus E in aluminium thin films deposited on a silicon 
substrate we observed that E decreases with decreasing 
thickness d below 50 nm [4], presumably reflecting a 
decrease in the mean grain size with decreasing d [5]. 

On the other hand, for silver a thin film with relatively 
large grains can be expected [6] where the effect of 
the grain boundary regions on the elastic property may 
decrease. To elucidate the elastic property of very thin 
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metallic films, in this paper we investigate the d de- 
pendence of E in aluminium nanometre films (nm- 
films) as well as in silver nm-films. 

2. Experimental procedures 

For aluminium (and silver) nm-films deposited on 
an Si(100) surface the Young modulus E along the 
film plane was measured in the as-deposited state using 
an advanced vibrating reed technique [4]. Strips of a 
float zone silicon (FZ-Si) single crystal of size 3 X 3 X 22 
mm3 were polished into reeds with one end left thick 
for clamping (see Fig. 1 in ref. 4). The top surface of 
the Si reeds is (100) and the mirror surface along the 
long axis of the reeds is (100). Before the vacuum 
deposition of metal nm-films, the Si reeds were chem- 
ically polished for hydrogen termination, the thickness 
and gauge length of the Si reeds being typically 100 
pm and 15 mm respectively. The Si reeds were then 
positioned in a vacuum chamber, and after evacuation 
for 1 day in a vacuum of 1 x 10V5 Pa at room temperature, 
the vacuum deposition of metal films was carried out 
in a vacuum of low5 Pa at ambient temperature at a 
deposition rate of about 10 nm min-‘; aluminium of 
99.999% purity was evaporated from a niobium wire 
and silver of 99.99% purity from a tungsten wire. After 
the deposition the Si reed was transferred to a measuring 
chamber in the atmosphere and the change in the 
resonant flexural vibration frequency f due to the de- 
position, Af, was measured at 300 K in a vacuum of 
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10-4-10 -3 Pa. Using Af and eqn. (2) given in ref. 4, 
the Young modulus of the as-deposited metal flms, 
E', was determined; then, using eqn. (3) given in ref. 
4, E of the detached metal films was estimated. For 
A1 nm-films, with increasing elapsed time after the 
deposition of a film, E shows an increase leading to 
saturation within 2 days, suggesting oxidation of the 
surface region of the film [7]. Therefore we adopted 
E observed immediately after the deposition for AI 
nm-films. In contrast, E for Ag nm-films remained 
unchanged for at least a few days in a vacuum of 
1 0 - 4 - 1 0  -3  Pa, suggesting slow oxidation at 300 K. 

Most data for E in A1 nm-films were obtained using 
virgin Si reeds after H termination as substrates. Some 
of the Si reeds after the deposition of an A1 nm-film 
were subjected to a further deposition; the E data 
showed good agreement with those found using virgin 
Si reeds. Therefore we will not refer to the state of 
the Si reed substrates for A1 nm-films. Scanning electron 
microscopy (SEM) observation showed that A1 nm- 
films have a very smooth surface. For the deposition 
of Ag nm-films Si reeds in three different states were 
used as substrates, namely Si reeds after H termination, 
Si reeds with native oxide and Si reeds with an Ag 
buffer layer; the features of the d dependence of E 
are different among these substrates (see Fig. 3). The 
surface morphology of as-deposited Ag nm-films ob- 
served by SEM is as follows. Ag nm-films deposited 
on Si reeds with native oxide show a very smooth 
surface, presumably suggesting relatively large grains 
in the films. For Ag nm-films deposited on Si reeds 
after H termination the surface morphology is composed 
of two features: a very smooth surface and a fine- 
grained (approximately 1 /zm) film. 

For some A1 samples the thickness of the deposited 
films was measured using a step meter for d> 13 nm; 
the estimated density of the deposited films showed 
good agreement with that reported for bulk aluminium. 
For most A1 samples and all Ag samples we estimated 
the thickness d from the weight per unit area of the 
deposited films assuming the density reported for the 
bulk materials. The weight per unit area of the deposited 
films was measured from changes in the weight of A1 
foils on which films were simultaneously deposited near 
an Si reed. The measuring procedures for f and the 
internal friction Q -  1 are similar to those described in 
ref. 4. It is noted that Q-1 in the Si reeds is as low 
as 10 -7 below 400 K but that there is an increase in 
thermoelastic damping at higher temperature (see Fig. 
4). 

3. Results and discussion 

Figure 1 shows E observed in AI nm-films of various 
thicknesses d deposited in a vacuum of 10 -s Pa, together 
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Fig. 1. Young modulus E observed for aluminium nm-films of 
various thicknesses d. Filled circles denote the present data 
observed for AI nm-films deposited on Si(100) in a vacuum of 
10 -5 Pa. Open circles are redrawings of the data reported for 
A1 nm-films deposited in a vacuum of 10 -4 Pa [4]. Data 5 are 
from ref. 7. Thin horizontal lines denote the Young modulus 
along (100), (110) and (111) of bulk AI, Eb (I00), Eb <110) and 
E~ <uI>. See text for curves 1-4. 

with E for AI nm-films deposited in a vacuum of 10 - 4  

Pa reported in our previous work [4], data reported 
in ref. 7 and the Young modulus along various crys- 
tallographic directions of bulk AI, i.e. Eb °°°>, Eb <1~°> 
and Eb <m>. Except for the data from ref. 7, all the 
data for E show a strong decrease with decreasing d 
below about 10 nm. For larger d, E for AI nm-films 
deposited in a vacuum of 10 -4 Pa increases with 
increasing d, showing saturation; one group of data 
appears to increase towards Eb <~°°> and another group 
of data towards Eb <n°> or E~ <m> respectively, with 
curves 3 and 4 being tentatively fitted to the data of 
these groups. The d dependence of E for A1 nm-films 
deposited in a vacuum of 10 -5 Pa is similar to that 
observed for AI nm-films deposited in a vacuum of 
10 -4  Pa, except that here E shows a rapid saturation 
with increasing d. It is reported that the grain size in 
vacuum-deposited A1 films tends to increase with in- 
creasing vacuum during the deposition [5]. Therefore 
we surmise that the differences in the d dependence 
of E found between the present AI nm-films and those 
investigated in ref. 4 reflect a decreasing effect of grain 
boundaries for AI nm-films deposited in a higher vac- 
uum. Here we discuss the strong decrease in E found 
for d below about 10 nm. It is reported that vacuum- 
deposited A1 300 nm films on Si(100) wafers exhibit 
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a small compressive stress in the as-deposited state and 
tensile stresses of about 340 MPa as a maximum after 
annealing at 723 K [8]. From a recent computer sim- 
ulation work on the elastic properties of Cu and Ni 
[9] one can estimate that the Young modulus of bulk 
A1 can be decreased by 7%-9% under a tensile stress 
of 340 MPa. In the present experiments both the 
preparation and measurements of AI nm-films were 
carried out at room temperature. Therefore we surmise 
that the strong decrease in E found for the present 
AI nm-films with d ~ 10 nm is too large to be explained 
by probable internal stresses, even taking into account 
the general tendency of an increase in internal stresses 
with decreasing d. On the other hand, for the mean 
grain size 2r in AI nm-films prepared under experimental 
conditions comparable with those in the present ex- 
periments, the relationship 2r = od is commonly reported 
for small d, but the proportionality constant oL varies 
from ot = 1 [2] to ot = 5 [10], presumably reflecting changes 
in the detailed experimental conditions. From the former 
result we surmise that the strong decrease in E found 
here for d ~< 10 nm reflects an increasing effect of grain 
boundaries for smaller d. To evaluate the probable 
effects of grain boundaries on E, we propose the 
following relationship between E and the mean grain 
diameter 2r: 

E =  Eb(r--tcB)3 +EGB[r3-- (r--/GB)3] 
r3 (1) 

where we have assumed that the grain boundary subre- 
gion of thickness tGB shows a decreased EGB. Figure 
2 is an enlarged drawing of the present data shown 
in Fig. 1, where curves 1 and 2 show the curves fitted 
to the data assuming relationship (1), EGB = 2 X 101° Pa 
and 2r= ad, with Eb =Eb <1°°> for curve 1 and Eb ----Eb <11°> 
for curve 2; the best fit gives tcB= 0.5a nm for curve 
1 and toB" 0.3 a nm curve 2. We do not known the 
actual value of 2r in the present A1 nm-films, but a =  1-5 
reported for comparable A1 nm-films may give the 
probable range of tGB as 0.3-2.5 nm. Similar features 
are also reported in nanocrystalline Pd, where the 
decreased E observed in nanocrystalline samples can 
be well explained by assuming a decreased E c B :  2 X 101° 
Pa and t c B :  1 nm [11, 12]. A hydrogen diffusion study 
in nanocrystalline Ni reports that tcB in that material 
is estimated as about 0.5 nm [13]. These results seem 
to suggest that the disorder in the grain boundary 
subregions in A1 is similar to that in Pd and Ni. 

Figure 3 shows preliminary results for E found for 
Ag nm-films deposited on Si reeds in various states. 
When compared at the same d, E of Ag nm-films 
deposited on Si reeds with native oxide is the smallest, 
that of Ag nm-films on Si reeds after H termination 
is the highest and that of Ag nm-films on Si reeds with 
an Ag buffer layer is intermediate. For Si reeds in the 
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Fig. 2. Redrawings of the present E data for AI nm-f-dms deposited 
in a vacuum of 10 -5 Pa, where curves 1 and 2 are fitted to the 
data using eqn. (1) (see text). 
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Fig. 3. Similar to Fig. 1 but showing E data observed for silver 
nm-films deposited on Si reeds in various states. Open circles 
represent Si reeds with native oxide, filled circles denote H- 
terminated Si reeds and filled triangles represent Si reeds with 
an Ag buffer layer. Curves 1-3 are tentatively fitted to these 
data. 

same state E tends to decrease with decreasing d. We 
tentatively surmise that the differences in E found 
among Si reeds in various states mainly reflect changes 
in the growth mode of Ag films, e.g. the Frank-Van 
der Merwe mode, the Volmer-Wever mode and the 
Stranski-Krastanow mode. The character of the de- 
crease in E with decreasing d observed for Ag nm- 
films appears to be similar to that for AI rim-films. 
However, both SEM observations of the surface mor- 
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phology and Q-1 (see below) suggest that the effect 
of grain boundaries on E is expected to be much smaller 
in Ag nm-films than in A1 nm-films. We surmise that 
some changes in the growth mode at decreased d are 
mainly responsible for the decrease in E with decreasing 
d. However, to clarify this issue, further work is needed. 

Figure 4 shows examples of the low temperature f 
and Q-1 observed for Si reeds with as-deposited Ag 
nm-films, where Si reeds after H terminations are used 
as substrates. In Fig. 4 data 1', 1 and 2 are observed 
for an Ag film 21 nm thick and data 3 are observed 
for an Ag film 18 nm thick. For data 2 the rapid 
increase in Q-1 at higher temperature is due to the 
increased thermoelastic damping at higher f. Except 
for a modulus defect and a Q -  1 at around 155 K, no 
feature is observed up to 400 K (the data above 250 
K are not shown here). For the 155 K peak the following 
is observed. Both the temperature range for the 155 
K modulus defect and that for the 155 K peak are 
about half of those expected for a Debye relaxation. 
No f dependence is observed, nor any hysteresis under 
thermal cycles. The strength of the 155 K modulus 
defect is in proportion to the height of the 155 K peak. 
The height of the 155 K peak varies from specimen 
to specimen, but the general features remain the same. 
On the other hand, for Ag nm-films deposited on Si 

"3- 

v 

N- 

3- 
0 
o 

'q- 

0 
0 

I 

o 
0 

620 

619 

618 

617 

616 
10 

5 

0 

5 

0 
4 

2 

0 
5O 

I I I 

0 

100 150 200 250 

T ( K )  
Fig. 4. Examples of resonant frequency f and internal friction 
Q-~ observed for Si reeds with an as-deposited Ag nm-film, 
where H-terminated Si reeds are used as substrates. Data  1', 1 
and 2 are for an Ag film 21 nm thick, with data 1' and 1 
representing the first tone o f f - - 6 2 0  Hz and data 2 denoting the 
second overtone o f f = 4 4 5 7  Hz. Data  3 are for another  Ag film 
18 nm thick, where f =  1852 Hz. 

reeds with native oxide we observed no trace of the 
155 K peak. In contrast, we observed that Ag/Pd 
multilayer films started with an Ag layer on the Si 
reeds after in situ surface cleaning by sputtering also 
reveal the 155 K peak [14]. From these results we 
surmise that the 155 K peak is associated with some 
changes in the elastic accommodation in the interface 
subregion between Ag and Si. The fact that the annealing 
Q -  1 peak at about 370 K reported in an Ag film 2600 
nm thick [15] is not observed here suggests that Ag 
nm-fills are less defective. 

4. Conclusions 

The Young modulus E for as-deposited AI nm-films 
and E and the internal friction Q-1 for as-deposited 
Ag nm-films were investigated by a vibrating reed 
technique where the nm-films were deposited on the 
(100) surface of Si reeds. E in AI nm-films shows a 
strong decrease from Eb of bulk A1 with decreasing 
thickness d below about 10 nm, where the decrease in 
E can be explained by an increased effect of grain 
boundaries. On the other hand, E in Ag nm-films varies 
with the surface state of the Si reeds; for Si reeds in 
a similar surface state it tends to decrease with de- 
creasing d. We tentatively surmise that these changes 
in E for Ag nm-films reflect changes in the growth 
mode of the fills. The Si reeds with an Ag nm-film 
show a very sharp Q-1 peak at around 155 K. The 
155 K peak shows no frequency dependence and no 
hysteresis under thermal cycles. We surmise that the 
155 K peak is associated with some changes in the 
elastic accommodation in the interface subregion be- 
tween Ag and Si. 
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