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An X-ray diffraction and thermal wave study of  the microstructural and thermal parameters of  
electrodeposited copper layers was carried out. The effect of  the deposition temperature on the growth 
and recrystallization textures as well as on the thermal diffusivity (resistivity) of  copper layers was 
investigated. The kinetics of  primary recrystallization and of  stored energy release has been estimated 
from the orientation density and thermal resistivity data, respectively. The behaviour of  the kinetic 
curves is discussed in relation to the heterogeneous stored energy distribution in the material. 

1. Introduction 

During metal electrodeposition a large number of 
imperfections form, causing an increase in the internal 
energy. This increment, or the so-called stored energy 
[1], provides the driving force for recovery and 
recrystallization. 

Recovery processes in electrodeposited copper have 
been studied by X-ray diffraction (XRD) both after 
annealing [2-4] and at room temperature [5]. Earlier 
papers [2, 6] report on thermally activated recrystal- 
lization in thin copper layers. It was shown in previous 
studies [7, 8] that recovery and recrystallization in 
electrodeposited copper layers proceed at an observ- 
able rate even at room temperature. As a result there 
were changes in the structure and microhardness. In a 
recent paper [9] the effect of the cathode current den- 
sity, De, on both the growth texture and the rate of 
release of stored energy was investigated. This rate 
was estimated from the rate of decrease of the pure 
integral breadth of the respective XRD lines. 

Additional information on such recovery processes 
in metal electrodeposits may be obtained from the 
kinetic study of texture evolution and of the stored 
energy release. With the help of XRD only a small 
fraction of the total stored energy may be determined, 
this is the elastic stored energy, Ve~. This is linked 
mainly with the tension fields around dislocations in 
the bulk of crystallites. The other, dominating, part is 
the stored energy of grain boundaries, Vgb. The release 
of Vgb is associated with the reduction of dislocation 
density in the grain boundary region. The kinetics of 
gg b release may be determined using the kinetics of 
such material property, which is sensitive to the struc- 
ture of grain boundaries. As was shown by Gangulee 
[3] the electrical resistivity, p~, of electroplated copper 
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films is much higher than that of bulk copper. The 
excess resistivity has been attributed to dislocations, 
grain boundaries and twins. 

The thermal resistivity, W, can also be used to 
characterize the defect structure of the electroplated 
films, since it is related to the electrical resistivity 
through the Widemann-Franz law [10]: 

W -  Pe (1) 
L0 T 

where L0 is the Lorenz ratio and T is the absolute 
temperature. 

In the present paper the influence of the deposition 
temperature on both the growth texture and the ther- 
mal properties of electrodeposited copper layers is 
studied. The kinetics of stored energy release in 
relation to the textural evolution during the recrystal- 
lization at room temperature is also examined. Par- 
ticular attention is paid to the use of two independent 
approaches, i.e. X-ray diffraction and thermal wave 
measurements, which lead to complementary results. 

2. Experimental details 

2.1. Specimen preparation 

The specimens were electrodeposited copper layers. 
Their deposition was carried out on rotating disc elec- 
trodes of two types. Brass electrodes, with a diameter 
of 32 mm, were used for the X-ray diffraction measure- 
ments and iron electrodes, with a diameter of 9 mm, 
were used for the thermal wave measurements. The 
layers were plated in the electrolyte proposed in [1 l] 
with the following composition: CuSO4" 5H20 
220gdm -3, H2SO 4 30gdm -3, NaC1 50gdm -3 and 
brightener agents THB-I and THB-II 3cm3dm -3. 
Specimens A, B and C were deposited at cathode 
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current density D c = 8 A d m  -2 and at deposition 
temperatures, To, of 22, 30 and 35~ respectively. 
The thickness of  all specimens was ~ 70/zm. As stan- 
dards for X-ray analysis specimens prepared at the 
same conditions and annealed for 1 h in vacuum at 
500~ were employed. 

2.2. X-ray diffraction analysis 

The X-ray diffraction measurements of the pole 
figures were carried out with a texture goniometer, 
reflection scheme [12], CuK, radiation. The X-ray 
diffraction line profile was measured by continuous 
scan with an X-ray diffractometer (Philips, CuK~ 
radiation, isolated with a LiF focusing monochroma- 
tor). The scan speed was 0.5~ -1 in the 20 scale. 

The orientation density gives the frequency with 
which the fibre axis lies in different crystal directions. 
By means of diffractometric measurements this den- 
sity may be determined only in the low indexed crystal 
directions, in which it is equivalent to the pole density 
[13]. The orientation density Phk~ was calculated in a 
manner, described in [9]. 

The effective crystallite size, D, and the strains, g, 
were determined from the X-ray diffraction line 
broadening analysis of a single line [14]. e2 elimination 
was carried out by the Rachinger method [15]. The 
elastic stored energy was assessed by the Faulkner 
formula [16]: 

15Ehkl ~2 
Vel = 2(3 -- 4v + 8v 2) (2) 

where Ehk 1 is Young's modulus in the (h  k I) direction 
and v is Poisson's ratio. The stored energy of grain 
boundaries is estimated from the expression derived in 
[17]: 

Vgb = Xav/D (3) 

where Kis  a constant between 1 and 3, a is the average 
specific grain boundary energy, v is the molar volume 
of the metal and D is the average grain size. For 
copper a = 645 x 10-7jcm -2, v = 7cm3mol 1 
and K = 2 is taken [17]. 

2.3. Thermal wave analysis 

Thermal wave (TW) techniques are particularly well 
suited for non-destructive characterization of thermal 
properties of thin films [18]. In most cases the thermal 
wave is produced by modulated laser beam, aimed at 
the surface of a sample under test. The TW will propa- 
gate through the film-substrate interface. The result- 
ing surface temperature can be measured in several 
ways. In our case we utilize the method of optical 
beam deflection (OBD), also known as "mirage" effect 
[19]. This method uses the deflection of a probe laser 
beam that skims at the sample surface to register 
the temperature variations. The experimental setup 
is shown in Fig. 1. The pumped Ar laser beam 
(2 = 514.5nm), of power 1 W, falls unfocused (spot 
size ~ 3 mm) at normal incidence on the sample sur- 
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Fig. 1. Schematic diagram of the "mirage" effect setup. 

face. This beam is modulated by a mechanical chopper 
at frequencies varying from 100 Hz to 2.5 kHz. The 
periodical deflection of the probe He-Ne laser beam 
(2 = 632.8nm), of power 0.5mW, is detected by a 
position sensitive detector (SIEMENS-type BPX 48). 
The signal from the detector (mirage signal) is fed to 
a PARC 5301 vector lock-in amplifier, connected to a 
PC through a serial interface RS232C. 

The quantity measured by the TW method is the 
thermal diffusivity a. The thermal resistivity is related 
to a through: 

1 
W -  (4) 

epC 

where p and C are the density and the specific heat, 
respectively. The method for determining the thermal 
diffusivity, a, of electrodeposited copper layers is 
described in detail in [20]. It consists in the measure- 
ment of the phase difference, A~b, between two mirage 
signals, one from the film-substrate specimen and the 
other from the substrate, as a function of the modu- 
lation frequency, f According to [20] Aq5 is given by 

[ 2R~b sin (2x) 1 
A~b = tan-1 exp (2x) -- Rs% exp (--2x) (5) 

where x = (rcf/fcf/2, f~ = a1-2 is the so-called 
characteristic frequency of  the film of thicknes l and 
Rsb is called the thermal reflection coefficient at the 
film-substrate interface. By fitting the experimental 
data to Equation 5 by the method of least squares, the 
parameters  Rsb andf~ (and hence c0 can be determined. 

In connection with the study of recrystallization 
in copper electrodeposits at room temperature it is 
necessary to estimate to what extent the laser heating 
may disturb this process. The dc surface temperature 
rise in the centre of the laser beam spot can be calcu- 
lated from the expression, derived in [21]: 

AT = Po(1 - r) 
2 ~ a x  (6) 

where P0 is the laser beam power, a is the laser beam 
radius, ~c is the thermal conductivity and r is the 
optical reflection coefficient of the sample. Taking 
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Fig. 2. Plot of the orientation densities, P h k l ,  of the growth texture 
(a)  and the recrystallization texture (b) against the deposition t e m -  

p e r a t u r e  T o 

P0 = 1W and a = 1.5 x 10-3m and using hand- 
book data for copper [22] r = 62% and ~c = 400W 
mK ~ AT _~ 0.2~ which is within the limits of the 
mean 24 h temperature variation. 

3. Results 

The study of recrystallization in etectrodeposited 
copper layers was carried out at room temperature. 

3.1. Texture 

The electrodeposited copper layers have a fibre texture. 
According to the pole figure data the as-fabricated 
growth texture of the A, B and C specimens consists 
of a single component with (1 10) orientation. The 
texture was monitored quantitatively be determining 
the orientation density, Phkl, in relevant <h k 1) direc- 
tions. Figure 2 shows the orientation densities Phk~ in 
the <1 00) ,  (1 1 0), <1 1 1) and <3 1 1) directions for 
the growth texture (Fig. 2a) and for the recrystalliz- 
ation texture (Fig. 2b) of A, B and C (i.e. as a function 
of temperature of deposition To). It is seen from 
Fig. 2a that the increase in To causes a marked increase 
in the sharpness of the main component < 1 1 0) and a 
slight decrease in P100 and P311 ( P i l l ,  which is not 
shown in Fig. 2a, is identical with P~00) of the growth 
texture (GT). The recrystallization texture (RT) of 
specimen A, from the pole figures data, consists of 
(1 00)  + (22 1) + (1 1 1) components ( (221 )  is a 
twin component of the ( 1 0 0 )  recrystallization com- 
ponent). At higher deposition temperatures (specimens 
B and C) P3 ~ increases, while P100 and P~ 3, decrease. 
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Fig. 3. Plots of the orientation densities, AP~kj, against time: 
(a) specimen A, (b) specimen B and (c) specimen C. 

To present the changes of the orientation density, 
Phu, against time for specimens A, B and C the orien- 
tation density change in relation to their value P~k~(0) 
in the as-fabricated state is used [9]: 

APhk I = ehkl ( t  ) --  ehkl (0 )  ( 7 )  

Figures 3a, b, and c show APhu against time for the 
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Table 1. Effective crystallite size, D, strains, ~, elastic stored energy, V~I, and stored energy of the grain boundaries, Vg b 

Specimen D/nm # X 103 V~/Jmol l Vgb/Jmol l V~i/Veb/% 

A 71.4 _+ 5 1.2 • 0.1 7.5 _+ 0.8 125 +_ 8 6 _+ 1 
B 128.9 • 8 1.3 _ 0.1 7.9 _#_ 0.8 67 _+ 5 11 _+ 2 
C 218.5 _+ 10 0.8 _+ 0.1 5.0 _+ 0.8 37 _+ 5 13 +_: 2 

specimens A, B and C, respectively. It is evident that 
the lower the deposition temperature, the higher the 
rate of texture change. The primary recrystallization 
can be considered finished in specimen A 24 h after 
deposition while in specimen C it is prolonged 30 days. 

3.2. Effective crystallite size, strains and stored 
energy 

The effective crystallite size and strains were deter- 
mined from the broadening analysis of XRD line 2 2 0, 
where the crystallites of  the main texture component 
(1 1 0) reflect. Table 1 lists the results for the effective 
crystallite size, D, the strains, #, the elastic stored 
energy, V~I , and the stored energy of  grain boundaries, 
Vg b, determined in the as-fabricated state. These results 
indicate that with increase in deposition temperature 
the effective crystallite size increases (Vg b decreases). 
The value of  D for the specimen C lies outside the 
range of reliable determination (D ~< 150nm). The 
strains are the lowest in specimen C while they are 
higher and approximately equal (within the error 
limits) in specimens A and B. 

3.3. Thermal diffusivity and thermal resistivity 

Figure 4 is a plot of the phase difference A~b against 
square root of the modulation frequency for sample 
A, measured 4h  (curve 1) and 36h (curve 2) after the 
deposition. A least squares fitting program yielded the 
values forf~ and Rsb. From J; and 1 (1 = 70#m) the 
thermal diffusivity, ~, was computed. These parameters 
are as follows: curve l : fc  = 17.1 + 0.5kHz; Rsb = 

[ I I I I 
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Fig. 4. Plot of  the phase difference Aq5 against the square root of  the 
modulation frequency, measured at 4 h (curve I) and 36 h (curve 2) 
after the deposition of  specimen A. These curves are fitted by the 
least squares method (solid lines). 

0.48 + 0.02 and c~ = 0.83 _+ 0.03cm2s ~" curve 2: 
= 22.5 __ 0.5kHz; R~b = 0.58 _+ 0.02 and c~ = 

1.10 _+ 0.03cm2s -J. 
Figure 5 shows the thermal diffusivity of electro- 

deposited copper layers as a function of the deposition 
temperature. Curve I refers to the values of c~, measured 
in the as-fabricated state, while curve 2 refers to the 
relevant values in the recrystallized state. It appears 
that the thermal diffusivity in the recrystallized state, 
c~ 0, does not depend on To and is close to the nominal 
value for copper, i.e. 1.12 cm 2 s- 1 [22]. The thermal 
diffusivity in the as-plated state (curve 1) is lower than 
c~0 and decreases with decrease in To. 

The dimensionless quantity A W/Wo may be intro- 
duced. Here W 0 is the sample thermal resistivity in the 
recrystallized state. A W = W -  W 0 is the thermal 
resistivity increment, which is due to the various elec- 
tron scattering mechanisms. Using Equations 4, 

zx w~ w0 = ~ 0 / ~  - 1 (8) 

Figure 6 shows A W/Wo against time for the specimens 
A, B and C. The change of A W/Wo against time pro- 
ceeds at maximum rate in specimen A and at mini- 
mum rate in C. 

4. Discussion 

4.1. Recrystallization kinetics determined f rom the 
texture data 

The texture of  an electrodeposited metal is controlled 
by several variables, such as the substrate structure, 
cathode current density, deposition temperature and 
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so on. In the present work the deposition temperature 
was varied and the other deposition parameters were 
kept constant. The influence of the temperature of 
deposition may be considered in two directions: 
(i) on the growth and recrystallization textures and 
(ii) on the rate of texture changes. 

Usually increase in To acts in the same way as 
decrease in cathode current density, Dc [23]. The 
increase of the orientation density of the GT com- 
ponent (1 1 0) at higher To (Fig. 2) is analogous to the 
increase of Pl10 with decrease of De, observed in [9]. 
Such a relation holds for P, 00 and P~ 1, which decrease 
with increase in To. Since the recrystallization texture 
is determined from the growth texture, T o and D c have 
similar effect on the RT. 

The texture changes, shown in Fig. 3, are due to the 
primary recrystallization alone. This allows infor- 
mation for the recrystallization kinetics in copper elec- 
trodeposits at room temperature to be obtained. The 
kinetics of isothermal recrystallization are described 
by the classic Johnson-Mehl-Avrami (JMA) equation 
[24, 25]: 

X = 1 - exp [-0.693(t/to.5) k] (9) 

where X is the fraction of the recrystallized material at 
time t, t0.5 is the time for 50% recrystallization and is 
related to the speed with which recrystallization pro- 
ceeds. The exponent k, which describes the shape of 
X-t curve, is determined from the time dependence 
rate of nucleation and growth and the dimensionality 
of the growth fronts. 

The recrystallized fraction, X, can be estimated 
from the orientation density data in a way proposed 
by Gangulee [4]: 

x = e ~  - Phkl ( t )  ( lO) 

p ~  Phkl(O) 

Here P~ is the orientation density value, measured in 
the recrystallized state. The assessment of X was per- 
formed in the (1 1 0) direction since the evolution of 
P~ ~ 0 gives the most complete picture of the recrystal- 
lization kinetics in the samples. This is due to the fact 
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Fig. 7. (a) Plot of  the recrystallized fraction, 35, against time for 
specimens A, B and C; (b) Plot of log [In (1 - X)] against time 
(JMA plot) for specimens A, B and C. 

that the growth texture has one component, (1 1 0), 
and the recrystallization in other crystal directions is 
accomplished at the expense of consuming the (1 1 0) 
component of the GT. Replacing P~0 in Equation 10 
we obtain the fraction X', which has not been recrys- 
tallized at the moment t. For the recrystallization 
fraction X it follows that: X = 1 - X'. Figure 7a 
represents a plot o fXas  a function of time for samples 
A, B and C. These curves show the sigmoidal shape 
typical of the kinetics of primary recrystallization. The 
solid lines represent the theoretical curves, fitted 
according to Equation 10 with the values of t0. 5 and k, 
given in Table 2 (XRD section). By analogy with [9] 
the quantity R, equal to the reciprocal value of t0.5, 
which has a meaning of a recrystallization rate is 
defined. R is higher for specimen A where the growth 
texture is weaker (Fig. 2a) and the crystallite size 
is smaller than in the other two samples. This may 
be explained by the sub-grain coalescence model, 
proposed by Hu [26]. According to this model the 
recrystallization tendency is stronger in deformed 
crystals with weak deformation (growth) textures and 
with small sub-grain size. 

Table 2. Kinetic parameters to. 5 and k, determined from X-ray 
diffraction (XRD) and thermal wave (TW) analysis, respectively 

XRD 

Specimen to.5/h 

T W  

k to s/h k 

A 16.1 4- 0.2 4.6 4- 0.1 20.1 +_ 0.4 3.5 _+ 0.3 
B 60.7 4- 0.5 3.3 4- 0.3 70.2 4- 0.8 2.5 _ 0.4 
C 213.0 ___ 3.0 1.7 4- 0.2 227.0 4- 3.0 1.4 4- 0.4 
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It is seen from the XRD data, presented in Table 2, 
that the exponent k is maximum for specimen A and 
minimum for specimen C. The behaviour of curves in 
Fig. 7b, which is the so-called JMA plot of Fig. 7a, 
reveals some features of the recrystallization process 
in electrodeposited copper layers. It is evident that 
the slopes of the JMA curves give the value of k. 
At X > 0.8 in Fig. 7b deviation from linearity is 
observed for samples A and B. This deviation has 
been characterized by Vandermeer and Gordon [17] as 
"retardation" of recrystallization. This retardation 
was thought to be due to competing recovery during 
the course of recrystallization, which reduces the driv- 
ing force for recrystallization. This means that the 
retardation effect is more pronounced at higher values 
of the ratio //eel/Vgb, a s  confirmed by Table 1. The 
calculations of Rollett [27] indicate that the model of 
Vandermeer and Gordon could not explain the low 
JMA exponent obtained for sample C and for many 
other cases cited in the review of Doherty [28]. The 
JMA curve of specimen C has a complex shape and 
may be considered as composed of several JMA 
curves, each with its own slope. Such a structure has 
been observed by Luton et al. [29] for recrystallization 
after hot working of copper. The results of the statisti- 
cal model, proposed in [28], show that the complex 
shape of the JMA curve and the low exponents should 
be obtained if non-random distribution of nucleation 
sites is suggested. The case with specimen C can be 
explained on this basis. Due to the higher deposition 
temperature (T O = 35 ~ C) it is most likely that a part 
of the recrystallization nuclei have been formed 
during the deposition process. After the deposition, 
the copper layer is held at room temperature at which 
the recrystallization proceeds at slower rate. For the 
onset of recrystallization at this temperature much 
activation energy or time (incubation period) is 
required. By this reason in some parts of the material 
(with lower stored energy) the recrystallization has 
started while in others (with higher stored energy) it 
has not yet. This grain to grain variation of the stored 
energy seems to lead to the anomalous shape of curve 
C as well as to the value of JMA exponent, which is 
much less than that theoretically predicted. 

4.2. Stored energy release kinetics, revealed by 
thermal wave analysis 

The use of the thermal resistivity, W, instead of the 
thermal diffusivity, e, is due to the fact that W, as Pc, 
may be expressed as a sum of resistivities of individual 
scattering mechanisms. As shown in [3] the electrical 
resistivity increment Ape at room temperature is mainly 
due to the grain boundaries. From the Widemann- 
Franz law (Equation 1) it follows that this would also 
be valid for the thermal resistivity increment A W. This 
means that A W is related to the average grain size 
(D). A simple assessment of this connection can be 
derived, taking into account that A W ~ A Wg b = 
W ~ ( S ) / ( V ) ,  where Ws is the specific grain boundary 
thermal resistivity and (S)  and (V)  are the average 
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Fig. 8. Thermal resistivity increment, A IV/We, as a function of the 
reciprocal crystal]ite size, 1/D 11o, measured in the as-plated state. 

surface and volume per grain, respectively. Assuming 
spherical grains we obtain: 

AW/Wo = const/(D) (I1) 

For fine-grained specimens in the as-fabricated state it 
is considered that (D) ~ Dll0. Figure 8 is a plot of 
AW/Wo against 1/D~ ~o, measured in the as-fabricated 
state. As seen from the figure the three points (for each 
sample) lie very close to the straight line, passing near 
the point (0, 0). This fact confirms the validity of 
Equation 11. From Equations 3 and 11 it follows that 
the stored energy of grain boundaries, V~b , is pro- 
portional to AW/Wo. This makes it possible to obtain 
information on the kinetics of stored energy reIease. 
Such information could not be derived from the kin- 
etics of the effective crystallite size because of the 
restricted validity of XRD method at higher D. 

Let Y denote the fraction of Vg b liberated at time t. 
From the proportionality of Vg b and A W/14/o it follows 
that 

Y = 1 - [AW/WoJ/fAW(O)/Wo] (12) 

where A W(0) is the excess resistivity, measured in the 
as-fabricated state. Figure 9 shows Y as a function of 
t for specimens A, B and C. As demonstrated in [1] the 
kinetics of stored energy release should obey the JMA 
equation (9). The solid lines represent the theoretical 
curves, calculated from Equation 9 with the results of 
least squares fit of experimental curves. These results 
are listed in Table 2 (TW section). There is a corre- 
spondence in TW parameters with those obtained by 
the XRD analysis. 

5. Conclusions 

The effect of the deposition temperature on the struc- 
ture and the thermal properties of electrodeposited 
copper layers has been studied. The kinetics of primary 
recrystallization and stored energy release in these 
layers at room temperature, has been estimated from 
the orientation density and thermal resistivity data, 
respectively. It has been established that: (i) specimens 
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prepared at lower deposition temperature have lower 
sharpness of the main component of the growth tex- 
ture (1 1 0), higher strain, lower crystal size and lower 
thermal diffusivity; (ii) the recrystallization rate is 
lower for specimens prepared at higher To; (iii) the 
anomalous shape of the JMA curve and the lower 
value of the JMA exponent for the specimen, prepared 
at higher To is due to grain variation of the stored 
energy. 
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