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A B S T R A C T   

The aim of this study is to calculate the optimum lifetime of Molybdenum (Mo) thermal evaporation boats for 
Copper (Cu) filling in thin film technologies. Three types of Mo boats with thicknesses of 0.2, 0.3 and 0.5 mm 
were used during the experiments under the high vacuum condition about 6.0 � 10� 6 Torr. The behavior of each 
boat was investigated by focusing on the total amount of evaporation material, operational time and applied 
power. Prior to the deposition process, material was loaded on the evaporation boat by two methods. In the first 
method, Cu wire was cut into 1 cm long, then every boat was filled with this amount of Cu material. The second 
alternative feeding method is to use a wire-feeder step motor, which refills boat with Cu wire during evaporation 
process. The latter one is very useful for continuous deposition process since there is no need to break the vacuum 
state. In both methods, however, the number of failures during operations increases after a series of experiments 
have been taken place because of boat aging. The results of failures have been analyzed by various methods, and 
it has been observed that thinner boats showed better stability for long time operation by continuous feeding 
technique.   

1. Introduction 

Several studies have been highlighted the major importance of 
thermal evaporation technique (TET) as the basic method in thin film 
deposition. The history of this method goes back to nearly a half-century 
used in optics and electronics like thin film transistors, since 1960 and 
caused the development of metal oxide semiconductor IC in the 1970s. 
Also, the mentioned technology provides a variety of new materials such 
as diamond-like carbon (DLC), high-Tc superconductors and is still being 
developed from day to day. This technique is based on resistive heating, 
where the material is evaporated by a resistively heated refractory metal 
filament or boat, such as W, Mo, Ta etc. [1]. The TET is perfect method 
that frequently used in (III–V) compound semiconductor devices 
because of smooth and soft deposition rate that prevents substrate sur
face damage [2]. Also it has to mentioned that the Copper thin films are 
more efficient choices for solar cell devices like CZTSe components [3]. 
Several new applications of TET like Copper Indium Diselenide 
(CuInSe2) semiconductor compound were synthesized near 

stoichiometric properties for solar cells by high absorption coefficient 
and electrical stability [4,5]. Beside some photovoltaic researches, the 
ITO/p-Si heterojuntions contacts thin films deposited in the vacuum by 
thermal evaporation obtained more amorphous structure and good 
rectifier property [6]. Additionally, transition metal-oxide thin films like 
nano-structured WO3 with high surface roughness used in gas sensors 
have been developed at relatively low deposition rate causes low power 
consumption and exhibits high compatibility with signal processing 
devices [7,8]. Thermal evaporation technique provides the possibility 
for nanowire coating in O2 ambient pressure at high temperature such as 
large-scale coper oxide (CuO) nanowire, or vanadium pentoxide (V2O5) 
layers deposited at room temperature [9,10]. It is also useful for pro
ducing single-phase AgInS2 [11]. Also the TET has attracted much 
attention in recent years due to its ease of manufacture and low pro
duction cost in large quantity and high-purity. This method has 
mentioned for ultralong and uniform-sized like a few nanometers by 
using powder materials such as SiO for nanowires growth [12]. Some 
papers reported fabrication process of Nanocrystalline materials used in 
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Nano-devices like bismuth sulfide thin films were deposited by thermal 
evaporation technique with sulfide powder as evaporation material 
[13]. 

The priority of suitable materials for high-temperature applications 
is the high melting temperature that causes difficult manufacturing 
process like casting. Therefore, powder metallurgy technique is a good 
choice for making molybdenum products with a melting temperature 
near 2622 �C, but powder sintering temperature is near 2000 �C [14,15] 
and recrystallization temperature of pure Molybdenum is reported as 
1800 �C in (6.7 � 10� 4 Pa) [16]. In a short glance, pure Molybdenum 
shows a good combination of physical properties such as high temper
ature strength, corrosion resistance, thermal conductivity, high elastic 
modulus, and a low thermal expansion coefficient, but its important 
property is weak low temperature ductility. Obviously, recrystallization 
of Mo leads it to be embrittlement at room-temperature because of im
purities such as Nitrogen, Carbon and Oxygen. Recrystallization 
behavior of Molybdenum influenced by the purity of material and 
thermo-mechanical treatment process results in some mechanical 
properties such as ductility and hardness. Moreover, Molybdenum ex
hibits a high stacking fault energy because of its bcc lattice structure 
[17]. In this method, it is possible to produce different combined alloy 
material like Cu2InO4 chemically alloyed thin film on silicon substrate 
under 2 � 10� 2 Torr of O2 gas flow [18]. It should be taken into 
consideration that thermal evaporation method is used for the evapo
ration of many metallic materials and is generally useful in device 
construction. In another study, Zn2GeO4, which is a combination of Zn 
and Ge, is used to preform thermoelectric power generation applica
tions. Zn2GeO4 alloy was deposited under constant oxygen gas flow rate 
on Indium coated glass substrate by evaporation technique [19]. 

In this study, continuous long-term thin film of at least 1.5 μm thick is 
required to be obtained. This process is generally used for large-scale roll 
to roll coatings, and the coating requires a long period of time from start 
to finish that producing meters of deposited thin film material. There
fore ability to estimate the service-life of boats during process plays an 
important role in the successful outcome of the project. In addition, in 
this article, the behavior and possible damages of an important member 
of thin film deposition family were examined scientifically. The main 
objective of this research is investigating the molybdenum thermal 
evaporation boat performance at different thicknesses, for industrial use 

or continuous coating procedure, because its service life plays an 
important role in the optimal performance of the boat. 

2. Materials and method 

2.1. Boat and evaporation metal specifications 

The Mo boats, 100 � 15 mm2 surface area with 0.2, 0.3 and 0.5 mm 
thick, have been purchased from Kurt J. Lesker company (PA 15025 
USA). Average weights of empty boats’ are 0.45, 0.60 and 0.75 g, 
respectively. The film growth experiments have been carried out in the 
high vacuum conditions of about (6.0 � 10� 6 Torr). A 99.9% pure 
Copper (Cu) wire was used and its quantity for an operation cycle is a 
function of the required thickness of the thin film. Cu was loaded into 
the boats by two methods. First, 1 cm length Cu wire sections were 
manually loaded into the boat. The average weight of each piece of 1 
mm wire diameter is about 0.66 g and the practically calculated 
maximum loading capacity of the boat is about 5 g. For the second 
method, the alternative feeding provided by a wire feeder 50 W step 
motor charges the boat by a long Cu wire during evaporation. The sec
ond method is more useful for continuous coating processes like wire/ 
fiber coating on a large scale without breaking the vacuum state. The 
process results by applying 2 V, then the system loads 1.8 cm (about 1.2 
g) in 1 m. Fig. 1 shows the wire feeder scheme. 

2.2. Experimental details 

An AC power supply (PS) model TEPS-400U is employed for the 
thermal evaporation process. PS is connected to feedthrough by 300 A 
cables using cable plugs. Mo boat gradual warming up operation occurs 
in 5 steps during 2 min intervals. Heating steps comprise the initial 
current flow, preheating, shining, initial melting and fully melt or 
boiling. 

The primary electrical current is applied to check the electrical 
contacts and prevents potential damage to the PS as a consequence of 
current fluctuation. The preheating step avoids any thermal shock to the 
boat as a result of above operation. Then, since the third stage of heat
ing, thermal radiation is observed from the viewport. During this step, 
the melting point and turbulence prevention of the molten material is 

Fig. 1. Wire feeder schematic and sectional descriptions.  
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observed and controlled. As a consequence of the initial stages, copper 
wire encounters a slow phase transition and melts from the surrounding. 
Despite the applied constant voltage, the phase transition causes a 
drastic increase of electrical current, which results in reaching to the full 
melting point of the Cu filling. The entire process can be visualized and 
controlled by the viewport through the full material is evaporated. 
Moreover, the material’s full consumption depends on the boat thick
ness and is predictable by observing the constant minimum current 
value. Finally, the current flow gradually reduces to zero. Fig. 2 shows 
variations in power range during a typical operation by 0.3 mm thick Mo 
boat. 

3. Results and discussion 

3.1. Equipment damages 

It is well known that if the electric current (I) passes through a 
resistance (R), it generates electrical power (P) equal to:  

P ¼ I2 R                                                                                        (1) 

The relation between resistance and resistivity (ρ) is given by  

R ¼ ρ L/A                                                                                      (2) 

where L is the length of material and A is the cross section. Resistivity of 
copper and molybdenum is reported as (1.68 � 10� 8) and (5.34 � 10� 8) 
(ohm.m) at room temperature. The direction of current flow is shown in 
Fig. 3. According to (1) and (2), electrical resistance (R) and conse
quently generated power will decrease by increasing the boat thickness 
[20]. Consequently, in order to prevent temperature drop, the resistance 
reduction in the process must be compensated by increasing the current. 
As consequence of the constant resistance of the cables, the higher 
current flow most probably causes an increment of the internal tem
perature of cable and burn it from the connection area. In addition, 
when an excess current is supplied, it causes to warm up the power 
supply. As the deposition process stops when the cable burns during the 
operation, the frozen residual Cu pieces may remain inside the boat as a 

Fig. 2. Typical power ratio changes during thermal evaporation by Mo-0.3 boat.  

Fig. 3. The specific electrical resistance changes related to electrical current 
and V/I ratio in Mo-0.3 boat for 5 g of Cu. 
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consequence, resulting in cracks and lateral damages. Fig. 3 shows V/I 
ratio during a single operation for 5 g of copper from 0.3 mm thick Mo 
boat. As it is seen, increment in current flow causes an increase in spe
cific electrical resistance of Mo boat and, consequently, increment of the 
equipment’s warming ratio. 

Fig.s 4 and 5 illustrate the macroscopic and microscopic combined 
images of the problems observed about the boat group, which will be 
explained in related sections. Fig. 4 exhibits boat deformation and local 
degradation of Mo-0.2 half heating damage, of Mo-0.2 and Mo-0.3, 
surface conductivity of Mo-0.3, also Mo-0.5 boat brittleness fracture 
and equipmental damage and operation aborting. Also Fig. 5 shows 
optical microscope images of uniform corrosion, grain boundaries 
erosion-corrosion, Cu/Mo intersection, local erosion in half heated boat 
and the copper movement to the contacts that cause to electrical 
conductivity. 

3.2. Half-heated boat 

According to the relationship between sheet thickness and resistivity 
given in equation (2), local erosion of the boat surface increases the 
electrical resistance of the cross-section which causes heterogeneous 
current flow and inappropriate heat distribution. This causes sectional 
heating and, as a result, partial melting. Consequently, by increasing the 
molten metal’s kinetic energy on the hot side, the half solid metal is 
pushed to the other side to decrease the turbulence level. As a result of 
metal condensation, the cross-section of the cold part increases and the 
electrical resistivity of that part decreases. This phenomenon results in a 
complete damage of the boat and aborts the operation. Fig. 4(a) and 4(d) 
show the half heated boat that has three parts as fully solid, just melted 
and evaporated regions. Besides, Fig. 4(f) shows an aborted operation 

along with residual material inside the boat. Because of these technical 
reasons, this boat will not be used again in future growth processes. 
Fig. 5(d) shows an optical microscope image of local erosion nearly the 
center of the boat that causes heterogeneous heating. 

3.3. Conductive boat 

The surface roughness of the materials is responsible for the wetta
bility ratio. Wettability is defined as the observed contact angles be
tween solid-liquid interface and heterogeneous rough surface which 
shows a wider contact angle. According to Wenzel theory, it describes 
the rough surface extension in comparison to the smooth surface, where 
the maximum contact angle (θ) has to be 0�<θ < 90� [21]. On the other 
hand, Cassie-Baxter theory investigated an apparent contact angle 
equation for the heterogeneous contact between a liquid droplet and a 
composite surface that (f) is the area fraction and (1-f) shows air con
sumption on area, which is:  

cos θ ¼ f cos θ0 - (1-f)                                                                     (3) 

In the formula, θ0, is a flat solid surface contact angle with a liquid 
droplet [22]. The homogenous surface crack and the erosion-corrosion 
cause topographical changes and intersections of grain boundaries 
with the boat surface. This phenomenon increases the contact angle (θ) 
between the liquid metal and the surface. Also, the high kinetic energy 
of molten metal allows the dispersion of the liquid mass. The grain 
boundaries tension (γGB) will continue up to reach a vectorial equilib
rium to the surface tension (γs) of the boat [23]. Therefore, the molten 
metal flows into contacts for minimizing the turbulence and results in 
conductivity and failure of the boat. Equation (4) shows the relationship 
between tension forces:  

γGB ¼ 2 γs.cos(θ)                                                                             (4) 

Fig. 4(c) and 5(c) show the macro and microscopic images of 
conductive boat respectively with a conductive Cu line between the 
contacts on the boat surface [23]. Fig. 5(e) shows the copper droplets 
directly aligned to the contacts. 

3.4. Boat deformation 

Polycrystalline materials are influenced by grain boundaries (GB) to 
minimize the Gibbs energy by planar segregation and strongly affect the 
bulk properties of the material. The impurities in commercially pure 
materials also drastically affect the kinetic properties of the interfaces. 
Equation (5) determines GB diffusivities as in the following formula:  

P ¼ δ. DGB                                                                                     (5) 

where δ is the GB width and DGB is the GB diffusion coefficient respec
tively [24]. One of the main reasons for more grain boundary mobility is 

Fig. 4. The boat failure types: (a) Mo-0.2 boat deformation and half heated 
boat, (b) Mo-0.2 boat deformation and local degradation, (c) Mo-0.3 conductive 
boat, (d) Mo-0.3 half heated boat, (e) Mo-0.5 boat brittleness and fracture and 
(f) Mo-0.5 equipment damage and operation aborting. 

Fig. 5. Optical microscope images of boat failures. (a) Mo-0.2 boat by uniform corrosion, (b) Mo-0.5 boat grain boundaries erosion-corrosion, (c) Mo-0.3 boat Cu/Mo 
intersection in conductive boat failure, (d) the local erosion in half heated boat and (e) the copper droplets directed to the contacts and cause to electrical 
conductivity. 
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the low amount of impurity content in the material structure. However, 
the grain size causes a 5–20% deformation [17]. Also, according to 
another research, the linear elongation for Mo is 0.4–0.6% of the size 
between 1000 and 1400 K [25]. The thermal expansion of molybdenum 
has been determined between 1100 K and 2500 K. Metal exhibits a 
uniform thermal expansion over the temperature range increasing by 
flowing quadratic equations.  

a / a0 ¼ 0.987 � 10� 3þ2.40 � 10� 6(T - 273) þ2.20 � 10� 9(T - 273)2    (6) 

In this formula, a0 is the lattice parameter and a is the lattice 
parameter after deformation [26]. Deformation occurs more often in the 
thinner boats because of low impurity range and low amount of (δ) and 
also low kinetic energy of GB diffusion (P). Therefore, due to the boat is 
fixed to the feedthroughs, thermal expansion causes plastic deformation. 
This undesired deformation leads liquid to drown out or molten metal 
concentration and the local erosion on the boat surface. Fig. 4(a) and 4 
(b) exhibit boat deformation and Fig. 5(a) shows a microscopic image of 
the uniform corrosion due to the molten metal concentration. 

3.5. Brittle boat 

Due to discontinuous operation, boats are faced to be ductile as a 
result of brittle phase transition. Moreover, increasing the operating 
temperature about the molybdenum annealing range leads to the boat’s 
low-temperature brittleness because of bcc structure of Molybdenum 
[17]. The main reason of fragility is the movement of dislocations to
wards the grain boundaries and, consequently, further hardness. 
Annealing temperature for molybdenum has been reported as about 
1300 �C [27]. According to some operational reports and the reference 

data, Cu melting point under vacuum conditions (10� 6 Torr) is about 
852 �C [28]. Therefore, the operating temperature in vacuum conditions 
is not sufficient for recrystallization and structural repair. Since surface 
corrosion causes local thickness decreasing, and creating a stress con
centration zone, it leads to fracture of the boat from the poorest me
chanical contact. Moreover, because of the existence of a cooling system 
probably after cutoff the current, rapid cooling occurs resulting in a 
metallurgical quenching and increasing the hardness of the boat. After 
several operations, any mechanical effect can easily damage and break 
the boat. According to Buchanovsky et al. the cold brittleness temper
ature increases, if the boat is annealed about 2000 �C because of grain 
growth [29]. Fig. 4(e) shows the broken boat due to mechanical stress 
after the heating operation. 

3.6. Evaporation rate of constant evaporation material for various boats 

As a result of vacuum condition below 10� 6 Torr any kinds of 
oxidation is not noticeable but the final evaporation time for the 5 g of 
material at lower vacuum ranges is even lower. According to obtained 
data, the average evaporation time in 5.0 � 10� 6 Torr and 8.0 � 10� 6 

Torr of vacuum condition known as 30 and 35 min, respectively. Also, 
lower vacuum levels result in more scattering of the vapor atoms and 
formation of a heterogeneous topography on the substrate. According to 
data analysis, the average operating time for constant mass of material is 
affected by operation parameters and decreases with a specific slope by 
boat aging. Fig. 6 shows the changes in the operating time related to 
aging by applying about 1.2 V of constant voltage that was observed for 
different thicknesses. 

3.7. Operational power ratio changes related to boat lifetime and 
maximum load capacity 

Average power required for various stages of operation increases 
with a gentle slope with respect to the boat aging. Besides, this slope 
increases by increasing boat thickness because of higher grain bound
aries and more intergranular cracks. Moreover, regarding the discus
sions in sections (3.1), (3.4) and (3.5), total amount of material 

Fig. 6. The operating time changes in 1.2 (V) related to boat aging using a 
constant mass for 5 g. 

Fig. 7. The operational power changes by total amount of metal load.4(a): Mo-0.2, 4(b): Mo-0.3 and 4(c): Mo-0.5 mm.  

Table 1 
The possibility of failure for each boat, related to the thickness that I < II < III.  

Damage factor 0.2 0.3 0.5 

Degradation II III I 
Fragility I II III 
Half-heated I II III 
Electrical conductivity I III II 
Deformation III II I 
Equipment damage I II III 
Max. operational power I II III  

S. Rouhi et al.                                                                                                                                                                                                                                   



Vacuum 176 (2020) 109167

6

decreases because of disruption in operation system for thicker boats 
with a shorter life time. Fig. 7 shows the operational power changes and 
the total mass of material during the lifetime for various boat types. The 
analysis consists of three stages, which show the thermal radiation 
(shinning), melting and boiling of the material. As a result of boat aging 
related research, the required power for each stage increases on average. 
The more power range increment is the more tangible for thicker boats. 
Fig. 7(a), (b) and (c) exhibit 0.2, 0.3 and 0.5 mm thick boats operational 
performance, respectively. As shown in Mo-0.2, the boat service life is 
higher than others according to maximum material mass and the 
average of working performance relied on applied power is progressing 
steadily in compare of Mo-0.5. 

3.8. Observed damage possibility related to boat thickness 

Regarding experimental observations based on gathered data, there 
is some possibility of damage for boat variations related to the thickness. 
Some of failure types more often observed related to boat structure. 
These possibility ranges showed by I for the lowest and III for the highest 
observation. The boats with a thickness of 0.2 mm generally show the 
lowest physical damage and by increasing the thickneses, possibility of 
damage increases in operating systems. Damages have been grouped in 
Table 1. indicating the damage possibility for boat groups. 

3.9. The chemical composition observations of thermally evaporated 
copper 

This method allows to produce large quantities of products based on 
continuous coating and use them throughout the industry in several 
micron like Copper thin film deposition on PET and textile or on a coated 
surface. Thanks to the high vacuum, it provides the minimum oxide in 
copper structure (about zero). There is an example of EDX analysis can 
be seen as given in Fig. 8 about deposited Copper chemical composition 
on Tantalum coated surface. It apparently shows the 0% of oxidation 
inside structure. 

4. Conclusions 

According to the results, it is better to consider the total amount of 
material mass as the scale of boat life instead of operation time under 
high vacuum condition about 6.0 � 10� 6 Torr, because of more 
reasonable and accurate obtained results. The present research exhibi
ted 8 types more often faced damages grouped as degradation, fragility, 

half-heated, electrical conductivity, deformation, equipment damage 
and maximum operational power about Mo boats related to their 
thickness and mass inside high vacuum state. Mo-0.2 coded boat group 
shows better elasticity despise of mechanical stress but their structure is 
very capable to plastic deformation. Degradation is a common phe
nomenon in Mo-0.3 boats also they commonly face to electrical con
ductivity on surface due to Cu condensation. Despite of all estimates the 
Mo-0.5 boats are not comfortable to continue using because of lower 
electrical resistance in compare of Mo-0.2 that causes to lower deposi
tion performance. According to the present test condition, a thinner boat 
exhibits more stability, but the limitations of cooling/heating fre
quencies can exhibit better performance and continuous deposition 
maybe avoid the frequently occurred thermal shocks and physical 
damages. Also, decreasing the cable’s electrical resistance by increasing 
diameter will cause more stability for thicker boats. 
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