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Abstract
This paper reports the effect of annealing at various temperatures on microstructure and microtexture of the gold films deposited onto SiO2/Si(100) substrate using 
pulsed electrodeposition (PED). The samples were annealed for 3 days at 850ºC and for 5 hours at 900ºC and 910ºC. The microstructure and thermal stability of 
the electrochemically deposited gold films before and after annealing was investigated using scanning electron microscopy (SEM) and electron backscatter diffraction 
(EBSD) techniques. It is found that with increase of the annealing temperature the grain size of the deposits, the intensity of <0 0 1>//GD fiber texture and the 
volume fraction, average grain size of cube and rotated cube texture components are also increased whereas the number of grains decreased. Though maximum 
intensity of the <0 0 1>//GD fiber texture increases upon annealing, the deposition texture of gold film remains unchanged. The transformation of texture component 
of the annealed gold samples is explained by grain growth only. 

Correspondence to: Suhash R Dey, Department of Materials Science and 
Metallurgical Engineering, Indian Institute of Technology Hyderabad, Kandi, 
Sangareddy-502285, India, Tel: +91(0)40 2301 6096; Fax: +91 (0)40 2301 6032; 
E-mail: suhash@iith.ac.in

Key words: pulsed electrodeposition, gold films, annealing treatment, EBSD, <0 0 
1>//GD fiber texture

Received: February 04, 2017; Accepted: March 10, 2017; Published: March 13, 
2017

Introduction
In electronics industry, silicon and other thin film materials are 

commonly used to fabricate the devices [1-4]. The development and 
optimization of new materials (especially thin films) with desired 
properties are needed to enhance the development of the electronics 
industry. In recent years, gold thin films find numerous applications 
in microelectronic, optoelectronic and microsystem technologies 
[5-7] owing to its desirable properties such as excellent resistance to 
oxidation, high electrical and thermal conductivities, solderability and 
bondability. Hence, researchers are showing more attention towards 
the fabrication of gold thin films using different synthesis methods.  

Nowadays, a wide variety of techniques include physical vapor 
deposition (PVD) such as sputtering and evaporation and also 
electrodeposition methods such as electro- and electroless plating 
are available to fabricate gold layers. In the case of the vacuum based 
techniques such as PVD, expensive equipment with high vacuum 
conditions and a high degree of process control are required to carry 
out the deposition of materials and involves a huge wastage of materials. 
Electrodeposition, unlike PVD methods, is a very simple, non-
vacuum, fast, scalable and cost-effective fabrication process, which is 
accomplished by fabricating metallic films from the plating baths under 
near-ambient conditions of pressure and temperature. In contrast to 
PVD methods, electrodeposition process has many advantages include 
high deposition rates and hence, more film thickness with high purity 
fabrication over a large surface area in a relatively shorter period of 
time [8]. 

The electrodeposited gold thin films are also widely used to fabricate 
the contacts for electronic devices such as edge connecters on printed 
circuit boards. The desirable characteristics of the electrodeposited 
gold films in such applications are low contact resistance, high 
hardness and wear resistance [6,7]. It is already known that the metal 
becomes harder as grain size decreases. The microstructural changes in 
the gold deposits are noticed not only during service at an operation 
temperature of the device but also heat treatment during soldering 

which in result does the variation in the mechanical properties of the 
deposit. Hence, the temperature is the most important parameter that 
not only affects the properties but also causes surface changes in the 
electrodeposited gold thin films [9].  Therefore, for such applications, 
the study of understanding and control of thermal stability of the gold 
electrodeposit is of main importance. 

In thermodynamic point of view, the structure of electrodeposit 
metals and alloys is unstable and changes easily at elevated temperatures 
[10]. The frequent changes in the microstructure of the electrodeposited 
materials during thermal treatment include changes in the orientation 
of grains, in the grain size, in the grain boundary structure and in the 
density of structural defects, which in turn alter the properties of the 
materials [11]. 

Texture is an important property which describes the preferred 
orientations of the crystalline grains in material microstructure and is 
related to mechanical and physical properties of the materials. There 
are few literature studies on the texture of thermally induced changes 
in the electrodeposited layers [11-13]. But the texture studies of gold 
deposits are less reported. Polycrystalline face-centered-cubic (fcc) 
metals including gold fabricated by PVD method such as sputtering 
generally shows a strong <111> fiber texture [14-16]. An X-ray 
diffraction study of vapor deposited gold films on aluminum nitride 
substrate showed weak <111> fiber texture with the fiber axis normal 
to the substrate surface [17]. The electrochemically deposited gold 
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Scanning electron microscopy (SEM) studies of pulse plated 
gold films

The top view SEM micrographs given in Figure 1a-1d show the 
surface morphology of the as-deposited and annealed gold deposits. 
The surface of the as-deposited gold film (Figure 1a) is relatively 
smooth and appeared to consist of relatively large grain sizes in 
micrometer range. The specimens are annealed in vacuum atmosphere 
at different temperatures namely 850ºC for 3 days, 900ºC and 910ºC for 
5 hours, respectively. The SEM micrograph of the gold film annealed at 
850ºC for 3 days is shown in Figure 1b and a difference in the surface 
morphologies between the film annealed at 850ºC and as-deposited film 
can be noticed. Hemispherical bulge/bubbles formation of different 
sizes with no porosity in the smooth surface of the gold film can be 
seen after a heat treatment at 850ºC for 3 days.  The topography of the 
deposits annealed at 900ºC and 910ºC for 5 hours are depicted in Figures 
1c and 1d, respectively and show several pores with hemispherical 
bulge/bubbles. The leveling of hemispherical bulge/bubbles is started 
in the 900ºC annealed sample and found evenly leveled in the 910ºC 
annealed sample. Therefore, the surface of the 900ºC annealed sample 
is rougher compared to that of the 910ºC annealed sample. Even after 
heat treatment at 910ºC for 5 hours, peeling of the deposit from the 
substrate could not be observed, showing good adhesion between the 
gold deposit and the substrate.

Electron backscatter diffraction (EBSD) studies of pulse 
plated gold films

Top view orientation images with inverse pole figures obtained by 
EBSD technique of as-deposited gold film and annealed at 850ºC for 
3 days, 900ºC and 910ºC for 5 hours are revealed in Figure 2a-2d. The 
average grain size values of the gold deposits determined by the area 
fraction method available with the TSL software are given in Table 1. 

Figure 2a shows EBSD orientation map of as-deposited gold coating 
consisting of microcrystalline structure with inhomogeneous grains of 
an average grain size of 6 µm. The EBSD inverse pole figure related 
orientation maps (color codes are given in the inset of the maps) of the 
gold deposits annealed at 850ºC, 900ºC and 910ºC for 3 days, 5 hours 
and 5 hours, respectively are shown in Figure 2b-2d and their average 
grain sizes are found 7 µm, 9 µm, and 17 µm, respectively. It is observed 
that the grains are grown slowly in the pulse plated gold layers as the 
annealing temperature increases. The average grain size of the gold film 
annealed at 910ºC for 5 hours is more than twice than that of the as-
deposited gold film. 

The maximum intensity of the texture component of the gold 
deposits is also given in Table 1 after analyzing the inverse pole figures. 
From the inverse pole figures, it is found that the microcrystalline gold 
deposits has a weak <0 0 1>//GD fiber texture before annealing and 
it became strong <0 0 1>//GD fiber texture after annealing at 910ºC 
for 5 hours. It is concluded that the maximum intensity of texture 
component is increasing upon annealing. The grains with a weak <0 
0 1>//GD fiber texture of maximum intensity 2.65 and {1 0 0} <0 0 

nanoparticles onto glassy carbon substrate exhibited a significant 
<111> texture [18]. Jiandong Hu et al. synthesized gold film onto 
glass substrate by electroless deposition, which also showed <111> 
texture [19]. Gold nanoparticles fabricated onto glassy carbon by 
electrodeposition in relatively short time revealed strong Au(111) facet 
orientation whereas at longer electrolysis time, the Au nanoparticles 
comprised more Au(100) and Au(110) facet orientations [20].

In the present work, the main aim is to study the evolution of 
microstructure and texture in the pulse plated pure gold films used in the 
fabrication of components of the electronic devices upon annealing at 
various temperatures using scanning electron microscopy and electron 
backscatter diffraction techniques. Texture concept is also introduced 
to explain clearly the thermally induced changes in the microstructure 
of the electrodeposited gold films at elevated temperatures.

Experimental 
Pulsed electrodeposition of gold layers 

The pulsed electrodeposition of pure gold layers is performed onto 
SiO2/Si(100) substrate and is explained elsewhere in details [21]. Small 
size specimens of about 1 inch × 1 inch are cut from the wafer using 
diamond pencil cutter.

Annealing of pulse plated gold deposits 

The specimens are annealed in sealed vacuum atmosphere at 
different temperatures namely 850ºC for 3 days, 900ºC and 910ºC for 
5 hours to elucidate the annealing behavior of the gold deposits. To 
check the stability of the gold thin films, the temperatures chosen for 
heat treatments of the gold films are very close to the melting point 
of the pure gold. The samples annealed at different temperatures 
are placed in a vacuum sealed quartz glass tube with titanium fillers. 
Advantage of placing the titanium fillers in the vacuum sealed quartz 
glass tube is to remove the oxygen gas by forming its oxide layer during 
the annealing of the specimens. Post heat treatments the specimens are 
furnace cooled and then are taken out of the seal.

Scanning electron microscopy 

The surface morphologies of as-deposited and annealed gold 
layers are investigated Zeiss Supra made by field emission gun enabled 
scanning electron microscope (SEM) operating at 20 keV as accelerating 
voltage. No metallography and carbon coating are required for the 
SEM on the samples. The samples are directly mounted on the SEM 
sample holder and are observed over its top surface only.

Electron backscatter diffraction 

Electron Backscatter Diffraction (EBSD) methodology is used 
to characterize microtexture and grain size distribution of the 
electrodeposited and annealed gold layers. EBSD scans are performed 
at 12 mm working distance, 20 keV filament voltage with 70º sample 
tilt, facing towards the EBSD detector. Post processing of the obtained 
EBSD data is performed using TSL OIM Analysis 5 software. Top view 
surface orientation maps and inverse pole figures of as-deposited and 
annealed gold coatings are obtained. Texture and grain size details are 
analyzed.

Results
The main aim of this work is to use SEM-EBSD analyses to 

understand the effects of thermal annealing of pulse plated pure gold 
films at various temperatures. 

S.No Thermal annealing 
temperature and time

Grain Size 
(microns)

Maximum Intensity of <0 0 
1>//GD Fiber

01 As-deposited gold film 6 2.65
02 850ºC, 3days 7 3.96
03 900ºC, 5 hours 9 6.43
04 910ºC, 5 hours 17 9.79

Table 1. Average grain size and maximum intensity of the texture component of the as-
deposited and annealed gold deposits.
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Figure 1. SEM micrographs of pulse plated gold deposits: (a) as- deposited state; (b) after annealing for 3 days at 850ºC; (c) after annealing for 5hours at 900ºC; (d) after annealing for 5 
hours at 910ºC.

Sample Name

Cube {100}<001> Rotated Cube {100}<011>
Volume 
Fraction

(%)

Total 
No. of 
Grains

Average 
Grain Size 

(μm)

Volume 
Fraction

(%)

Total 
No. of 
Grains

Average 
Grain Size 

(μm)
As-deposited gold 

film 7.28 192 10 4.06 167 9

850ºC, 3days 8.29 144 13 7.6 147 11
900ºC, 5 hours 9.86 109 16 12 132 17
910ºC, 5 hours 17.4 80 24 14.5 72 21

Table 2. Volume fraction and texture indexing of the cube and rotated cube texture 
component of the as-deposited and annealed gold deposits.

1> texture components are observed in an as-deposited gold film, as 
shown in Figure 2a.  The gold deposit that heated at a temperature of 
850ºC for 3 days (Figure 2b) has the grains with the <0 0 1> //GD fiber 
texture of maximum intensity 3.96 and diluted {1 0 0} <0 0 1> texture 
components.  The strength of the fiber texture component increases 
a little as compared to the as-deposited gold film due to the minute 
growth of grains of the as deposited gold film (Figure 2b) having the 
same <0 0 1>//GD fiber texture. After annealing at 900ºC for 5 hours, 
the maximum intensity of <0 0 1>//GD fiber texture increases further 
up to 6.43 (Figure 2c) and the grains have grown further to about 9 
µm which also have the <0 0 1>//GD fiber texture.  Apart from {1 0 
0} <0 0 1> texture component, {1 0 0} <1 1 0> texture component also 
started appearing in the annealed deposit at 900ºC for 5 hours. The 
inverse pole intensity of the <0 0 1>//GD fiber texture component in 
the deposit annealed at 910ºC for 5 hours is 9.79 and <0 0 1>//GD fiber 
texture component is also generated in the fully grown grains of this 
annealed gold deposit. The other texture components {1 0 0} <0 0 1> 
and {1 0 0} <1 1 0> in the annealed deposits became prominent. 

The EBSD orientation maps of the as-deposited and annealed 
gold deposits with only cube ({1 0 0} <0 0 1>) grains labeled Fuchsia 
and rotated cube ({1 0 0} <1 1 0>) grains marked yellow are shown in 
Figure 3a-3d). To know the phenomenon behind the average grain size 
increase on annealing, the measurements (volume fraction, number of 
grains and average grain size) on the cube and rotated cube texture 
components along the growth direction (GD) in both as-deposited and 
annealed gold films are done by HKL software from EBSD maps, and 
the results are listed in Table 2. It is noticed that the volume fraction 
and average grain size of the cube and rotated cube grains increase 
with increasing annealing temperature whereas total number of grains 
decreases. The volume fraction and average grain size of both cube and 
rotated cube grains in an as-deposited gold film are 7.28% and 10 μm; 
4.06% and 9 μm, respectively whereas total number of grains is 192 
and 167, respectively. The gold deposit annealed at 850ºC for 3 days 
consists of 8.29% volume fraction, 13 μm average grain size and 144 
total number of grains of cube grains as well as 7.6% volume fraction, 
11 μm average grain size and 147 total number of grains of rotated cube 
grains. For the gold film annealed at 900ºC for 5 hours, the volume 

fraction and the average grain size of cube and rotated cube grains 
increase to 9.86% and 12%; 16μm and 17 μm while total number of 
grains decreases to 109 and 132, respectively. The volume fraction and 
average grain size of cube and rotated cube orientated grains in the 
gold film annealed at 910ºC for 5 hours are 17.4% and 14.5%; 24 μm 
and 21 μm respectively while total number of grains are 80 and 72, 
respectively. 

Discussion
Figure 1a-1d show the annealing effect on the surface features 

of the gold film. The as-deposited gold film has smooth surface with 
inhomogeneous grain structure. The as-deposited gold film is then 
annealed at elevated temperatures (850ºC for 3 days, 900ºC and 910ºC 
for 5 hours) which are approximately close to or more than 0.5 times 
of the melting point of the pure gold material (1077ºC) [22]. As it is 
expected, in the case of bulk materials, recrystallization occurs at 
high temperature about 0.5 times of the melting point of the material 
whereas in case the electrodeposited films, recrystallization may 
take place at lower temperature depending upon the film thickness, 
the crystalline grain size, the density and type of defects, the degree 
of purity and the stress state of the film. Acceleration of diffusion 
processes and decomposition of the incorporated organic impurities are 
observed during the recrystallization of the electrodeposits.  However, 
sometimes grain growth is also noticed along with the increase of the 
porosity upon annealing of the electrochemically deposited films at 
high temperatures [23].  
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Figure 2. Left: EBSD orientation maps of PED gold deposits: (a) as- deposited state; (b) after annealing for 3 days at 850ºC; (c) after annealing for 5hours at 900ºC; (d) after annealing for 
5 hours at 910ºC. Right: Inverse pole figures of the respective gold deposits.
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It could be seen clearly from the SEM analysis of the gold deposit 
annealed at 850ºC for 3 days (Figure 1b) that beginning of the 
formation of the hemispherical bulges/bubbles on different places of 
deposit surface with no porosity and slight growth of the crystallites. 
The hemispherical bulges/bubbles formation in the annealed gold film 
is related to the incorporation of impurities such as hydrogen gas in 
the as-deposited gold film which is reduced generally in parallel with 
metal deposition during the electrodeposition. In the literature, it is 
also reported that the gold cyanide complex ions are reduced at very 
high negative potentials which in turn resulting in the co-deposition 
of hydrogen ions [24]. Therefore, at this annealing temperature, 
hemispherical bulges/bubbles are formed due to the trapped hydrogen 
gas underneath the deposit, trying to evolve out from the deposit 
surface. The hydrogen gas evolution from the gold and gold alloy 
electrodeposits upon annealing at different temperatures is explained in 
detail elsewhere [25]. The similar type of bubbles/swellings formation 
in the deposit surface is also observed in Cu interconnects prepared by 
sputtering after annealing at 400ºC in H2/N2 gas atmosphere [26]. From 
EBSD data of average grain size, it is confirmed that the average grain 
size increases from 6 μm to 7 μm on annealing of an as-deposited film 
at 850ºC for 3 days that indicates onset of grain growth. Earlier work 
also reported that in addition to surface changes, individual grains are 
grown due to diffusion and accumulation of defects at grain boundaries 
depending upon the heat treatment temperature [9]. 

The SEM micrographs of the deposits annealed at 900ºC (Figure 
1c) and 910ºC (Figure 1d) for 5 hours reveal the pores formation 
on both hemispherical bulges/bubbles and remaining places of the 
gold deposit with grain growth but without cracks. When the film is 

heated to 900ºC and 910ºC for 5 hours, the pores are started to form 
throughout the film including on hemispherical bulges/bubbles due to 
the evolution of trapped hydrogen gas from swellings/bulges. It is also 
observed that the size of the pores and leveling of the hemispherical 
bulges/bubbles take place with increasing annealing temperature from 
900ºC to 910ºC. Therefore, the surface of the gold deposit annealed at 
910ºC for 5 hours is smoother than that of the gold deposit annealed 
at 900ºC for 5 hours. The leveling of the sharp peaks and edges of 
the individual grains is noticed from the SEM analysis of the gold 
films annealed at temperatures higher than 400ºC but 200ºC is the 
starting temperature [27]. The earlier study also reported that the void 
formation on the surface of the sputtered Cu deposit with increasing 
annealing temperature carried out in H2/N2 gas atmosphere due to high 
internal pressure stored in the bubbles or swellings [26]. The formation 
of cracks along the grain boundaries of the swellings are also noticed 
which is similar to that observed in Cu deposits as well as in hydrogen 
embrittled bulk Cu materials reported in the previous studies [26, 28]. 
The average grain size increases from 9 μm to 17 μm upon annealing of 
the as-deposited film from 900ºC to 910ºC for 5 hours.

Generally, the electrodeposited coatings are associated with the 
fiber texture component, i.e. preferred crystallographic orientation of 
their grains along the growth direction [29-31]. The as-deposited gold 
electrodeposit has a weak initial <0 0 1>//GD fiber texture, as shown in 
Figure 2a. This preferred orientation may have arrived because of the 
Si substrate’s <100> orientation on which epitaxial growth SiO2 and 
Au happened. As the annealing temperature increases from 850ºC to 
910ºC, it is investigated from their corresponding inverse pole figures 
(as shown in Figure 2b-2d) that the maximum intensity of <0 0 1>//

Figure 3. EBSD orientation maps of PED gold deposits with colored cube (marked Fuchsia) and rotated cube (marked Yellow) texture components: (a) as- deposited state; (b) after annealing 
for 3 days at 850ºC; (c) after annealing for 5hours at 900ºC; (d) after annealing for 5 hours at 910ºC. Note that nearly all grains in all the samples are having <001>//GD fiber texture only.
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GD fiber texture is also increased from 3.96 to 9.79. With the increase 
in annealing temperature the grains are also grown. The newly grown 
grains also has a <0 0 1>//GD fiber texture component which in turn 
increased the intensity of the fiber texture. In the <0 0 1>//GD fiber 
texture, two texture components such as cube and rotated cube ({1 0 
0} <0 0 1> and {1 0 0} <1 1 0>) are observed with its volume fraction 
and grain size is found increased but with decrease in the number of 
grains with the increase of annealing temperature. From this result, it 
is confirmed that grain size increase is due to grain growth only and 
not due to recrystallization. The previous study also reported that the 
increase of grain size of microcrystalline electrodeposits upon annealing 
can be resulted by grain growth only rather than by recrystallization 
which is explained by small amount of stored strain energy in the 
materials [32]. Sometimes, though the stored strain energy is small the 
electrodeposits during heat treatment undergo different stages such 
as recovery, recrystallization and grain growth [33]. Therefore, it is 
explored that there is a slow increase in the intensity of fiber texture of 
the gold deposits before and after annealing due to small stored energy 
which is contributed from the total energy stored in grain boundaries 
and other defects in the material. As a result, the driving force for 
grain growth in the gold deposits is low; therefore, the changes in 
the intensity of the texture component of the gold films are also slow 
by adding the intensity of the newly grown grains having same fiber 
texture upon annealing. In literature, it is reported that texture of 
the electrodeposited films completely changes or sometimes remains 
unchanged upon annealing due to recrystallization and grain growth 
of the as-deposited film grains [29-31, 34]. Finally, the presented results 
showed thermal stability of the gold deposits upon annealing and 
following the texture changes in them. 

Conclusion
In this study, thermal induced changes in microstructure of the gold 

films fabricated by pulse electrodeposition are investigated by SEM and 
EBSD techniques. The microstructure analyses of the as-deposited and 
annealed gold films revealed the smooth surface of the as-deposited 
film and the formation of hemispherical bulges, pores in the annealed 
films. The as-deposited gold film shows weak <0 0 1>//GD fiber texture 
with average grain size of 6 μm. The intensity of the <0 0 1>//GD fiber 
texture component and grain size is found increased in the gold film 
with increasing annealing temperatures such as 3 days at 850ºC and 5 
hours at 900ºC and 910ºC. In the <0 0 1>//GD fiber texture, the volume 
fraction, grain size and total number of grains of the two major texture 
components (cube and rotated cube) are calculated. From the obtained 
result of the increase in the maximum intensity of texture components 
with their grain size and decrease in grain numbers of the gold films 
upon annealing confirmed grain growth phenomenon.
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