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ABSTRACT

This paper reports the correlation between film thickness,
nanostructure and DC electrical properties of copper thin films deposited
by PVD method on glass substrate. X-ray diffraction (XRD) and atomic
force microscopy (AFM) were used for crystallography and morphology
investigation, respectively. Resistivity was measured by four point probe
instrument, while a Hall effects measurement system was employed for
Hall Effect analysis. The grain size calculated from XRD and AFM,
roughness, resistivity, hall coefficient, carrier concentration and mobility
were plotted as a function of thickness. The result showed amorphous
structure for 20 nm thickness, but with increasing the film thickness,
Cu(111) preferred orientation was observed. The grain size, roughness

Accepted 02 June 2012 and concentration of carriers increased and resistivity, hall coefficient
and mobility decreased with increasing the film thickness. The result of
copper thin films electrical investigation showed the value of resistivity
and concentrations of carriers come to bulk state value at approximately

160 nm thickness.
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INTRODUCTION

Growth of thin metal films and the relation of their different
properties with deposition parameters has become a subject of great
interest to those using physical vapor-deposition processes. The reason
is that their structure and related properties can be modified and
controlled as a function of deposition parameters and preparation
method. Copper films are promising and used in many electronic
devices and technology for high electrical and thermal conductivity
and their relatively high melting temperature [1-4]. Furthermore,
Noble metal, such as Cu thin film on transparent insulating substrate
(i.e., SiO) is technologically important in the power-supply electrodes
for display included integrated electron emitter [5].
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Cu has become the choice of the next
generation interconnection material replacing Al,
too [6]. Copper has strong advantages such as lower
resistivity, superior resistance to electromigration,
and stress voiding phenomena compared to the
aluminum alloys. The room temperature resistivity
of Cu (1.67 pQ.cm) is approximately 40% lower
than that of Al (2.7 uQ.cm) and 50% lower than Al
alloys such as Al-Cu (0.5 at.%) [6].

Many researchers have reported on the
production of copper thin films, using different
methods, while they also modified these films
properties (such as electrical, optical and
mechanical properties) as function of deposition
parameters [6-14]. In this work, among the modern
methods of thin film preparation, we have used
physical vapor deposition (PVD) to deposit copper
thin films of different thickness, and have
investigated the dependence of film resistivity and
nanostructure on film thickness. Furthermore, Hall
effect of samples was studied as a function of film
thickness. The Hall’s effect is important because it
enables us to make measures of mobility and
concentration, and gives insight into the mechanism
of conductivity.

EXPERIMENTAL

Copper films were deposited on glass
substrates (20 x 20 x 1 mm cut from microscope
slide) by resistive evaporation from tungsten boats
at room temperature and at a base pressure of 2 x
10"® mbar. The purity of copper was 99.98%. An
Edwards (Edwards E19 A3) coating plant was used.
Evaporation performed at five steps, and 5 Cu films
produced at 20, 60, 110, 180 and 270 nm
thicknesses. Film thickness and deposition rate
were measured by a quartz crystal deposition rate
controller (Sigma Instruments, SQM- 160, USA)
positioned close to the substrate. Deposition angle
and deposition rate were 14° and 2 A/s for all
samples. Prior to deposition, all glass substrates
were ultrasonically cleaned in heated acetone then
ethanol. The surface roughness of the substrates
was measured by a Talysurf profilometer. The rms
substrate roughness R; was 0.3 nm. The
nanostructure of these films were obtained using a
Philips XRD X’pert MPD Diffractometer (CuK,
radiation) with a step size of 0.02° and count time

of 1 s per step, while the surface physical
morphology and roughness was obtained by means
of AFM (Park Scientific) analysis. The electrical
resistivity and Hall coefficient measured by four
point probe instrument and a Hall Effect
measurement system with a magnetic field strength
of 0.25 T, respectively.

RESULTS AND DISCUSSION

X-ray Diffraction

Figure 1 shows XRD patterns of the
copper thin film with different thicknesses. X-ray
diffraction pattern of copper film with 20 nm
thickness (sample 1), showed amorphous structure.
When film thickness increased to 60 nm (sample I1)
a weak pick is observed that can be attributed to
Cu(111)  crystallographic  orientation  (with
reference to JCPDS Card No: 04-0836 and 20° =
43.297°, system: cubic and space group: 225).
Copper films of 110, 180 and 270 nm thicknesses
(Sample I, IV and V, respectively) show that by
increasing the film thickness the intensity of this
peak is increased and one may distinguish a growth
of Cu(111) preferred orientation, while a second
weak peak is also appeared in the XRD pattern of
the thicker films of 180 and 270 nm thickness that
can be designated to Cu(220) crystallographic
orientation (with reference to JCPDS Card No: 04-
0836 and 26° = 74.130° system: cubic and space
group: 225). X-ray diffraction results show that the
increasing of film thickness promotes the preferred
(111) orientation but not (200) orientation because
Cu has the face centered cubic (FCC) crystal
structure and for this structure (111) face has the
lowest surface energy [15]. The growth of this
preferred orientation is in agreement with the
results of Chan et al. [7] who investigated copper
thin films that produced by DC magnetron
sputtering technique.

Crystallite size (coherently diffracting
domains), D was obtained by applying the Scherrer
formula (D=kA/Bcosf) to measure the full width at
half maximum (FWHM) of the dominant peak
Cu(111) in the XRD patterns of Figure 1. Where k
is unity, L = 1.54248 A, B = FWHM that calculated

from B? =B} — B’ (By, FWHM of sample and

Bs, FWHM of standard sample) and 0 is the peak
position in radian. The crystallite size (coherently
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diffracting domains) results are given in column 4
of Table 1. The results show that grain size
increases with film thickness that is consistent with
Messier et al. [16] proposed modified structural
zone model (SZM). Messier et al. reported a
revised SZM, using SEM, TEM and FIM, in which
evolutionary growth development of physical
structure, column/void sizes are assigned as five
sub-zones with sizes: 1-3, 5-20, 20-40, 50-200,
and 200-400 nm. This shows that each level of

physical structure is about a factor of 3 larger than
the previous level Further Messier [17] in an
attempt to quantify morphology of thin films at low
adatom mobility, proposed a fractal model that
results from natural clustering during random
ballistic aggregation of atoms. Savaloni et al.
[18,19] also found that by increasing the film
thickness the grain size increases, while its
morphological and crystal structure also change.

Cu(111)

W

Cu(220)

270 nm

110 nm

f‘ 60 nm
“"‘“m | 20 nm

20 (deg.)

40 45 50 55 60 65 70 75 80

Fig. 1. XRD patterns of Copper thin films at all of thicknesses.

Table 1. Results of XRD and AFM analysis

Thickness Grain diameter Grain diameter Roughness
Sample o (nm) (nm). A)

By AFM by XRD Rms Reava

| 20 - - 245 18.9

1l 60 46.5 6.2 47.1 28.9

11 110 64.3 111 81.4 69.2
v 180 85.2 13.8 93.0 73.7
\% 270 90.3 18.4 93.8 74.2
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Atomic force microscopy

2D and 3D AFM images of copper thin
film samples produced in this work with different
thicknesses are given in Figures 2(a-e) and 3(a-e),
respectively. Figures 2a and 3a show that copper
film of 20 nm thickness has an amorphous structure
and no visible grain or grain boundary can be
observed. This is consistent with XRD result for

this sample. By increasing the film thickness to 60
nm, needle like structure can be seen on the surface
of the sample (Figures 2b and 3b), while at 110 nm
thickness larger grains are formed (Figures 2c and
3c). At the higher thicknesses of 180 and 270 nm
(Figures 2d and 2e and 3d and 3e) distinguished
granular structure is formed.

O]

Fig. 2. 2D AFM images of Copper thin films at all of thicknesses.
a) 20 nm, b) 60 nm, c) 110 nm, d) 180 and €)270 nm.
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Fig. 3. 3D AFM images of Copper thin films at all of thicknesses.
a) 20 nm, b) 60 nm, c) 110 nm, d) 180 and €)270 nm.

The sizes of the grains were calculated
from 2D AFM images, using JMicrovision Code.
Figure 4 shows grain size (grain diameter)
distribution, while the average grain sizes of the
samples are given in column 3 of Table 1.

Size distribution of grains for sample 1l
(with 60 nm thickness) shows a narrow peak at
about 40 nm. However with increasing the film
thickness to 110 nm this distribution spreads out
towards larger grains. With further increase of film
thickness to 180 nm a broad peak is observed and
its peak extends up to 100 nm. Film with 270 nm
thickness shows a clear peak at 100 nm while its
distribution is almost Gaussian. These results are
consistent with the crystalline size obtained from
the XRD analysis and agree well with the
Structural zone model (SZM) predictions [16].

Root mean square (rms) and average
surface roughness of copper films produced in this
work obtained from AFM analysis are given in
columns 5 and 6 of Table 1 and in Figure 5. There
is an increase of surface roughness up to about 140-
150 nm and thereafter it almost remains unchanged.
The initial sharp increase can be due to
mobility/surface diffusion of smaller grains on
films of lower thickness that cause formation of
larger grains as discussed above and can be seen in
Figure 4. However when the film thickness
increased to 180 and 270 nm it seems that these
films have become thicker by the growth process,
because the samples produced in this work were
made at room temperature. Hence the last two
thicknesses almost show almost the same uniform
morphology.

Submit your manuscript to www.ijnd.ir

221



Int. ].Nano Dimens. 3(3): 217-226, Winter 2013 Khojier et al.
e @ | ] (b)
S =60 nm . =110 nm
ﬂd ]
=
=
=
=
2
-

s 7 ©] | (@
: 35 - t= 180 nm ]
= 25 :
_g‘l |
= 15 .
= | i
< 5 |

= — = — === = = 2
& =r
SRZSFE8R "RSE=S5SE

Grain dimeter (nm) Grain dimeter (nm)

=
==}
=

g

Fig. 4. Distribution functions of Grain diameter for copper thin films at thickness of,
a) 60 nm, b) 110 nm, c) 180 and d)270 nm.
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Fig. 5. Variation of rms and average roughness for copper thin films as function of film thickness.
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Four point probe

Results of dc resistivity measurement
obtained using four point probe instrument are
discussed in this section. In order to investigate the
influence of possible (low frequency) charging
effects at the electrical contacts and leads, current-
voltage (I-V) curves were recorded, scanning the
voltage both in increasing and decreasing
increments. Figure 6 shows the results for all
copper thin film samples produced in this work.
The results measurements in the decreasing
direction of the voltage are not shown as they
matched the results in the increasing voltage
direction and only clutter the figure unnecessarily.
However, it should be noted that the current was
kept low enough, in order not to heat up the
samples. Linear I-V curves were obtained for all
samples, independent of the scan direction, and
there was no indication of hysteresis effect. In order
to investigate the anisotropy effect in these
samples, the I-V curves measurements were also
carried out in four different directions on the
samples, namely, two vertical (along the sample
length and normal to the length) and two diagonal
directions. The values of average resistivity for all
samples at room temperature are given in column 3
of Table 2 and Figure 7. The results show that
resistivity decreases with increasing the film
thickness, which can be explained as follows:

Thin films resistivity is function of
different parameters, such as surface scattering,
grain boundary, impurities and different deposition
parameters. Surface scattering is effective when
thickness is comparable with mean free path of
electrons, so that increasing of thickness decreases
scattering from surface and increases conductivity.
For this reason, resistivity of copper thin films
decreases with increasing the film thickness. The
grain boundary is effective on scattering of carriers,
too. Further more, in X-ray diffraction and atomic
force microscopy results it was observed that the
grains size increased and the number of grain
boundaries decreased with increasing the film
thickness, hence they should result in decreasing of
carriers scattering which in turn decreases the film
resistivity.

Furthermore, the results show that the
value of resistivity come to the bulk state value
(1.67 pQ.cm) at approximately 160 nm thickness
that is consistent with result of Paik and Shi and et

al. for copper thin films prepared by magnetron
sputter type negative ion source [6] and filtered
cathodic vacuum arc technique [14], respectively.

18 4 ¢/ at room temperature

16 ¢l d=20nm ¢ 1l. d=60 nm
®|Il. d=110nm O IV. d=180 nm

141 AlV. d=270 nm

V (MV) x1072

I (mA)

Fig. 6. Variation of voltage as a function of current for Copper thin
films at all of thickness.

Resistivity (u.cm)

0 50 100 150 200 250 300
Thickness (nm)

Fig. 7. Variation of resistivity for copper thin films as
function of film thickness at room temperature
(the dashed line is bulk state value of resistivity).

Hall effect investigation

Figure 8 shows the variation of Hall
coefficient (Ry), concentration of carriers (n) and
mobility (w) as function of film thickness at room
temperature, while the numerical data is presented
in Table 2. The results show the increasing of
thickness caused decreasing of hall coefficient and
mobility and increasing of carrier concentration to
about 160 nm thickness and thereafter they almost
remains unchanged. So that, the value of
concentration of carriers comes to bulk state value
(8.47x10% cm’®) at about 160 nm thickness.
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Table 2. Results of Four point probe and Hall effect analysis

Samole Thickness | Resistivity Hall coefficient Carrier concentration mobility
P (hm) (QR.cm) | (cm®*Als?h x10* (cm’®) x10% (cm? Vst x10°
| 20 3.89 2.71 2.3 6.94
I 60 2.81 1.54 4.0 4.66
Il 110 2.01 0.89 7.0 4.42
v 180 1.69 0.75 8.3 4.36
V 270 1.68 0.74 8.4 4.35
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Fig. 8. Variation of Hall coefficient, carrier concentration and mobility for copper thin films as function of
film thickness at room temperature (the dashed line is bulk state value of carrier concentration).

This observation can be related to the
more concentration of carriers in bulk state than
thin film that caused increasing of concentration of
carriers by increasing of sample thickness and is
consistent with results of resistivity measurements.
Increasing concentration of carriers by increasing
of thickness will result in decreasing of mobility

1
and hall coefficientasR,, = e formula.

CONCLUSIONS

Copper thin films of different thicknesses
(20-270 nm) were produced, using resistive heat
deposition on glass substrates. Nano-structure of
the films was obtained using X-ray diffraction
(XRD), while morphology and grain size of the
films were investigated by atomic force microscopy
(AFM). A four point probe instrument was
employed for resistivity measurement and a Hall
effects measurement system was used for Hall
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effect measurement. The XRD results showed
growing of Cu(111) preferred orientation by
increasing the film thickness that can be related to
the lowest surface energy of (111) face for (FCC)
crystal structure. The grain size was calculated
from both XRD and AFM analysis and the results
were consistent; though with much smaller values
for the XRD analysis. This may show that the
films/grains are formed as single crystals. The
results showed that increasing of film thickness
causes increasing of grain size, roughness,
concentration of carriers and decreasing of
resistivity, hall coefficient and mobility.
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