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Aim: This lab serves as an introduction to physical vapor deposition technologies. Thin film 
deposition of metals by evaporation and condensation in a vacuum will be studied. An open 
tube effusion cell will be used to study the evaporation process of metals in a vacuum. The 
deposition rate should be determined during evaporation. The tooling factor should be 
checked by measuring the thickness of the film deposited on samples by comparing it to what 
the thickness monitor measured. Film thickness distribution on the sample should be 
determined and compared with the theoretical model. 
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1 Introduction 
Physical Vapor Deposition (PVD) is a vacuum deposition process that is widely used in 
technology applications and materials science. PVD is a general term used to describe 
different methods of depositing thin films by the condensation of a vaporized form of the 
material onto various surfaces. This process involves purely physical processes, such as high 
temperature vacuum evaporation by heating of materials or plasma sputter bombardment 
rather than involving a chemical reaction at the surface, so-called chemical vapor deposition.  
There are different PVD techniques nowadays: 
 
• Evaporation deposition - the material to be deposited is heated to a high vapor pressure 

by electrically resistive heating or by electron beam bombardment (EBVPD) in a vacuum; 
• Sputter deposition - ions (from an ion source or a plasma discharge) bombard the 

material sputtering some away as a vapor; 
• Cathodic arc deposition - a high power arc directed at the target material blasts away 

some material into a vapor; 
• Pulsed laser deposition - a high power laser ablates material from the target into a vapor. 

 
This lab serves as an introduction to evaporation deposition, in which the material to be 
deposited is heated to a high vapor pressure by electrically resistive heating. 
 

2 Basics 

2.1 High vacuum  
Evaporation deposition is performed under high vacuum conditions in order to obtain a 
desired level of purity of the thin films. In working with a vacuum, pressures are usually 
measured in mbar (the conversion to the CI unit is 1 mbar = 100 Pa. The impingement rate 
(Ri) of residual gases as calculated from the kinetic theory is proportional to pressure : 
 

/ 2Ri P mkTπ=   (0.1) 
 
where m is the particle mass, k is the Boltzmann constant and T is the temperature. 
 
The impingement rate suggests the question: "how do you estimate the monolayer adsorption 
time of a residual gas?" That time is: 
 

tm ( sec) ~ 10-6 / P (0.2) 
 
where P is the pressure in mbar. 
 
At a chamber pressure P of 10-6 mbar, the allowed deposition time of a film on a clean surface 
before that surface becomes substantially contaminated with residual gas is about 1 second. 
 

2.2 Thermally activated vapor pressure 
Consider the evaporation of element A from a liquid phase, or in some cases of transition 
metals from a solid phase (sublimation process). At equilibrium, since the molar Gibbs free 
energy of liquid (l) and vapor (v) are equal, it follows that: 
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ln( / )ol v AeqG G RT P PΔ = Δ + (0.3) 

 
where GΔ  represents the standard molar Gibbs free energy of formation of vapor. 
By re-arranging the above equation, the vapor pressure is a function of the change in Gibbs 
free energy: 
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where evap AGΔ = vGΔ  - lGΔ  is the standard Gibbs energy of evaporation. 
It may be expanded in terms of standard enthalpy and entropy of evaporation:   
     

evap AG−Δ  = (- evap ASΔ  + evap ASΔ ) (0.5) 
 
For many substances, a plot of log(P) versus 1/T is linear over a wide temperature range. 
Therefore, the empirical equation is of the form:  
 

log P (in Pa) = 5,006 + C + B/T   ( 1.6) 
 
The empirical parameters B and C have been tabulated for many materials.  
 

 
Vapor pressure of elements (black dots represent melting points of elements) 
 
 
For example, the vapor pressure of aluminium at 1500 K can be calculated from (1.6) taking 
into account that C = 5.911 and B = -16211.  

 
PAl(1500 K) =  1.287 Pa 

2.3 Evaporation sources 
There are two kinds of evaporation sources as displayed in Figure 1: quasi-equilibrium (a so 
called ideal effusion cell) and non-equilibrium (an open tube-crucible cell) sources.  
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Figure 1.                                 a                                                     b 
 
The vaporization in the effusion cell (Fig. 1a) is fitted with an effusion orifice, the area of 
which is smaller (an order of magnitude) compared to the vaporizing surface. Effusion 
sources with large orifices or open crucibles (Fig. 2. b) are more commonly used for thin film 
deposition.  
 
The cosine law of emission 
From the kinetic theory of gases, the angular distribution of emitted particles must be 
identical to the expression for the directional distribution of the flux of particles onto a cell 
wall. It is given by:  

cosz AJ θ
πΩ

⋅∂
=      (1.7) 

 
where z is the evaporation rate; ,θ ϕ  are the polar and azimuthal angles, respectively; and Ω  
is a solid angle in which the substrate element is viewed from the source orifice A∂ .  
This is the well-known cosine law of emission and can be used to calculate a thin film 
distribution on a substrate surface (Fig. 2).  

 
Figure 2. Film thickness distribution on a planar substrate with the evaporation source on the 
axis of rotation 
The evaporation rate z of a quasi-equilibrium evaporation source can be determined from the 
following equation: 

/ 2eqz P mkTα π# $= % &   (1.8) 
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where eqP  is vapor pressure, α  is the vaporization coefficient, which is introduced because 
the vaporization flux is sometimes found to be less than the equilibrium flux. For most metals 
this coefficient may be assumed to be unity, but for complex and anisotropic solids it can be 
less than unity. The above ideal source can provide only very low fluxes because of the small 
orifice. From a practical point of view, a source vapor pressure of 10-2 mbar often leads to a 
useful film deposition rate. According to this, the minimum practical evaporation temperature 
is the one for which this vapor pressure is achieved. This temperature is typically near the 
melting point for many metals. 
As the orifice is enlarged, one finds that the beam flux increases, but not linearly with the 
orifice area. These sources, improperly called ‘‘Knudsen cells’’, in fact do not guarantee any 
isothermal behavior or a vaporization process at equilibrium, and consequently no stable flow 
as a function of time. This phenomenon depends on the amount of material in the crucible. 
The real evaporator used for the deposition of metal atoms cannot be considered as a point 
source; rather it is an open-tube type of effusion cell. In this case, the beam intensity varies 
with the level of the material inside the crucible. Figure 5 shows some calculated beam 
intensity curves for different (L/a) values varying from 0 to 10, where L is the distance from 
the melt to the top of the tube and a is the inner radius of the tube. If the distance L varies 
during evaporation, the angular dependence of  the beam intensity will also vary as shown in 
Figure 3. 
 

 
Figure 3. The relative beam intensity of the open-tube effusion cell calculated for various tube 
length-to-tube-radius ratios (L/a) 
 
To calculate the film thickness distribution on a planar substrate with the evaporation 
source on the axis of rotation at a length-to-tube-radius ratio (L/a) of 1 (see Fig.2 and Fig.3) 
the following equation may be used: 
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h and l are determined from Fig.2;  g, the relative position of the evaporator if it is off-center. 
 
Not surprisingly, because of all the phenomena described above, one needs to monitor the 
deposition process carefully.  
 

2.4 Monitoring of the evaporation process 
Using a quartz crystal microbalance (QCM) is a universally employed technique for in situ 
monitoring of the nominal thickness of a film. The QCM consists of a thin quartz crystal 
sandwiched between two metal electrodes, as shown in Figure 4. An alternating electric field 
is applied across the crystal, causing vibrational motion of the crystal at its resonance 
frequency.  
 

 
Figure 4.  Quartz crystal deposition monitor 
 
The basic working principle of a QCM is the converse piezoelectric effect, in which 
application of a voltage across the crystal results in a corresponding mechanical strain. The 
mass change m at the surface of the QCM electrode causes a change in the oscillation 
frequency df of the crystal: 

df = −Cf m 
In this case, the incremental change in mass due to the additional deposition is treated 
as though it were really increasing the thickness of the underlying quartz. The deposited film 
is considered to be rigid and so thin (deposited  thickness limit~ 0.01mm) that it does not 
experience any shear forces during vibration. The thickness of the film can be calculated by: 

 
 
where df and ρf are the thickness of the film and the bulk density of deposited film, 
respectively;  Nq is the frequency constant of a quartz crystal, ρq is the density of the quartz 
(2.684g/cm3), f1 and fu are frequencies of loaded and unloaded crystals, respectively, and Z is 
the Z-factor of the film material. 
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Deposition rate computation is based on the rate of thickness change. However, instrumental 
calibration is affected by three different parameters: material density, material Z-factor, and 
tooling. A thickness monitor measures how much material is deposited on its sensor. Most 
deposition processes are at least somewhat directional. The sensor and the sample generally 
cannot be in the same direction from the deposition source (if they were, the one closer to the 
source would shadow the other), and might not even be at the same distance from it. 
Therefore, the rate at which the material is deposited on the sensor might not equal the rate at 
which it is deposited on the sample. The ratio of the two rates is sometimes called the "tooling 
factor". For careful work, the tooling factor should be checked by measuring the amount of 
material deposited on some samples after the process and comparing it to what the thickness 
monitor has actually measured. 
 

3 Testing 

3.1 Equipment  
3.1.1 Design of the evaporation source  
The homemade metal evaporator, as shown in Figure 5, was carefully designed to reduce any 
possible thermal coupling problem. 

 

 

 
 
The tungsten (W) heater-coil filament was selected to carry a high current and generate the 
heat required to evaporate the source charge. The coil extends well below the bottom of the 
crucible so that the thermocouple touching the crucible bottom is immersed within the same 
heating environment as the crucible, and thus stabilizes at the same temperature. Moreover, 
the coil is extended towards the crucible mouth, above the level of the charge, which results in 



M101: Evaporation Deposition 

 7 

the mouth of the crucible being at a higher temperature than the temperature of the charge. 
This prevents condensation of evaporant droplets at the mouth, and also prevents evaporants 
which wet the crucible from migrating out of it. The radiation heat shielding, consisting of 
several wraps of corrugated Ta foil, shields nearby hardware from radiation and prevents 
subsequent heating and outgassing, and thereby improves the source temperature. A crucible  
(length of 17mm, inner diameter of 3mm) is made of Al2O3 , Mo or BN. The crucible material 
used depends on the evaporant. In some cases, diffusion of evaporant materials into the 
crucible walls leads to crack formation in the crucible (e.g. Au evaporant and Mo crucible). 
Crucible materials should therefore be chosen so that residual contaminants in the crucible are 
least harmful to the film being deposited. 
 
3.1.2 Evaporation chamber 
All the experiments in this experiment are carried out by using a homemade evaporation 
chamber at the Chair for Multicomponent Materials. The chamber was originally constructed 
to evaporate metals and polymers from distinct sources and it has the potential to evaporate 
five different materials simultaneously. The cross-sectional view and image of the interior 
part of the chamber are shown in Figure 6. 
 

 
Figure 6. Evaporation chamber 
 
The vapor deposition process employed in this experiment takes place in a high vacuum 
environment. A rotation pump (Pfeiffer DUO 005 M), generating the 
pre-vacuum (10−1 mbar), together with a turbomolecular pump (Pfeiffer TMU 
260) are used for creating a final vacuum in the range of 10−7 mbar.!
 
• QSM and QSM-monitor 
• Power supply 
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4 Operating instructions 

4.1 Evaporative deposition (exercise) 
The exercise consists of several tasks: 
 
1. In evaporative deposition, the source and substrate are placed inside a vacuum chamber. 
With the pump turned off, vent the vacuum chamber by opening the vent valve, and open the 
door of the chamber. Remove the sample holder and the bolts securing the evaporator flange 
to the vacuum chamber. Remove the evaporator, and place it upside-down on the desk-holder. 
Close the door of the chamber and cover the flange with aluminium foil to keep dust out of 
the chamber. While wearing gloves, cut a Si wafer on the slides and place a Si slide under the 
shadow mask.  Secure the mask and sample with vacuum compatible screws. This slide will 
be the substrate on which you will deposit a thin film of silver. 
 
2 . Check to see if the evaporation crucible is loaded. It should contain a bead of silver. If it 
does not, use the insertion tool to load a new pellet of silver into the evaporator. 
 
3. Remove the old copper gasket from the opened flange of the vacuum chamber. Clean the 
conflat knife-edges on both the flanges with isopropanol. Connect the evaporator flange with 
the chamber. It is important at this stage to tighten the bolts evenly. First, insert all 6 bolts and 
tighten them by hand. Second, tighten the bolts. Do this gently, turning each of the bolts by no 
more than one-eighth of a turn after you first feel resistance. 
 
4. Switch the pumping system on. Wait until the turbopump gets up to speed (indicated by a 
green light on the front of the controller). Record the pressure vs. time at regular intervals 
until the system gets to the low 10−5 mbar range. 
  
5. When the pressure gets below about 1×10-5 mbar, turn on the evaporation source current by 
switching on the power supply and slowly increase the current by 0.2 A/min. The source will 
be heated until the silver melts and begins to evaporate. The resulting vapor will then 
condense on all surfaces inside the vacuum chamber, including the substrate. Open the QSM 
shutter and record the deposition rate vs. time at regular intervals until the evaporation rate 
gets to the 3Å/min range. Control the evaporation rate at constant current (about 10 min) and 
record it in the provided lab journal. Open the main shutter and deposit the film until the QSM 
sensor indicates a film thickness of about 300 Å. Close the main shutter and slowly (0.2 
A/min) decrease the current down to 1 A, then turn off the power supply. Wait 20 minutes 
with the pump turned off, vent the vacuum chamber by opening the vent-valve, and open the 
door of the chamber. Remove the sample holder. 
 

4.2 Determination of the film thickness  
Remove the mask from a substrate and use the talystep profilometer (see Lab M104) to 
measure height profiles at different edges of the deposited films. Record the film thickness vs. 
distance from the center of the sample holder. A diamond tip is moved to the sample until it 
touches the surface. Then a minimum pressure should be applied before the diamond tip is 
drawn horizontally over the sample to record the height profile. 
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4.3 Evaluation of results 
1. Determine the film thickness at different parameters l (see Fig.2) and compare the results 
with your calculations according the equation (1.9). 
 
2. Determine the tooling factor for 2 different points on the sample holder (l = 0 and 
l = 2cm) by measuring the amount of material deposited on a sample after the process and 
compare it to what the thickness monitor has measured.   
Evaluate your results. 
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