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Abstract 

CVD (Chemical Vapour Deposition) is an advanced technique for deposit-
ing a coating on a substrate. CVD implies that a solid phase is deposited on a 
normally heated substrate surface using a reactive, gaseous mixture. The re-
action gas mixture must be carefully chosen to prevent homogeneous nuclea-
tion in the gas phase. As the solid phase is formed, gaseous by-products are 
formed and they must be removed from the CVD system. The thermally acti-
vated CVD process requires a deposition system which can regulate the total 
pressure and mass flows of the separate gas components as well as maintain a 
sufficiently high temperature to initiate a chemical reaction on the substrate 
surface. 

In this thesis a new CVD system was constructed to meet these challenges. 
Initially it will be used to deposit hard, wear resistant coatings but by changing 
the gases, it is possible to explore other chemical systems. The CVD system 
functions well up to a deposition temperature of 1100 ºC as long as the CVD 
processes are thermally activated. Apart from manual operation, a LabView 
control interface was implemented that can automate process steps by reading 
recipe files as csv (comma-separated variables). In this way complex coating 
architectures can be deposited. 

The aim of this thesis is to give a detailed description of the hardware set-
up and of the software developed for it. Provided in this work are also a few 
examples of W and WN (tungsten nitride) coatings, including a multi-layered 
structure to show the potential of complex structures. Since the system also 
contains a titanium precursor, a TiN (titanium nitride) coating is presented to 
conceptually show the flexibility of the equipment.  



 

  



 

Sammanfattning på svenska 

CVD är en avancerad teknik för att lägga en tunn film runt ett substrat. 
CVD innebär att en fast fas bildas på den normalt uppvärmda substratytan från 
en reaktiv gasblandning. Gasblandningen är väl vald att inte förorsaka homo-
gen kärnbildning i gasfasen. När den fasta fasen bildas så bildas också gasfor-
miga biprodukter som måste pumpas ut ur systemet. Den termiskt aktiverade 
CVD processen kräver ett system som kan styra total trycket och massflödet 
av de individuella gaskomponenterna samt hålla en tillräcklig temperatur för 
att initiera kemiska reaktioner på substratytan. 

I denna avhandling presenteras ett CVD-system byggt för att möta dessa 
utmaningar. Initialt kommer systemet att deponera hårda, slittåliga skikt men 
genom byte av gas kan andra materialsystem utforskas. CVD-systemet kan 
deponera andra typer av filmer upp till en deponeringstemperatur på 1100°C 
så länge som CVD-processerna är termiskt aktiverade. Utöver manuell styr-
ning har ett styrprogram i LabView implementerats för att medge automatise-
ring av processtegen genom att läsa av receptfiler i csv-format. På det här sät-
tet kan mer komplicerade skiktarkitekturer deponeras. 

Målet med detta arbete är att ge en detaljerad beskrivning av uppställningen 
samt mjukvaran som framställts. Ett antal exempel på W- (volfram) och WN-
skikt (volframnitrid) presenteras tillsammans med en multiskiktslösning för 
att visa potentialen för komplicerade strukturer. Eftersom systemet även har 
tillgång till en titankälla presenteras ett TiN-skikt (titannitrid) för att koncep-
tuellt demonstrera utrustningens flexibilitet. 
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1. Introduction 

Chemical vapour deposition (CVD) is an industrially important technique as 
it allows for the synthesis of thin, uniform films with good adhesive proper-
ties. CVD implies that a solid material, usually a thin film, is formed when a 
gaseous mixture reacts on a surface. These films are typically used to improve 
different properties of the substrate material. For instance, WN can act as a 
diffusion barrier and increase the electrical conductance [1] used in microe-
lectronics [2,3]. Biocompatibility can be improved with a top coating of hy-
droxyapatite [4]. 

Frequently, more than one single-phase coating are needed to attain the 
specified surface properties that are required. For wear-resistant applications 
such as cutting tools, a multilayer of several coatings are deposited on top of 
each other to increase for instance tool lifetime [2]. An example of a multilayer 
used by the cemented-carbide industry are layers of 
TiC/TiN/TiCN/Al2O3 where Al2O3 is the final top layer. These layers are fur-
ther optimised by a proper design of texture and microstructure [5,6].  

In electronic applications, electrical resistance is an important parameter 
which depends heavily on grain boundaries, defects and impurities. Clean 
gases (precursors) and a well-defined growth process allow for a deposition 
of near defect-free materials with little or no grain boundaries.  

A CVD process uses one or more gas-phase species, often metal halides 
together with a reducing agent, which can react heterogeneously and form a 
solid phase. The CVD process can be broken down into several key steps as 
shown in Figure 1. The steps are [7]: 

1. Transport of the precursor from the main gas stream to the bound-
ary layer. 

2. Diffusion over the velocity-boundary layer: Close to the surface, 
the linear gas flow velocity is close to zero. The incoming precursor 
molecule must travel through this boundary layer by diffusion. 

3. Adsorption: Once at the surface the precursor must bind to the sur-
face. The strength of the bond will determine its surface mobility 
and residence time. 

4. Surface diffusion: The precursor molecule(s) may jump from site 
to site and eventually arrive to a more stable state at surface steps 
or kinks. The rate of movement is determined by deposition tem-
perature and the previously mentioned bond strength. 
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5. Surface reaction(s): Adsorbed molecules chemically react and form 
a solid coating. 

6. By-product diffusion and desorption: As long as by-product reside 
on the surface they are blocking the supply of incoming precursor 
molecules. Once desorbed, the solid surface can continue to grow 
since new precursor can be adsorbed. 

7. By-product boundary layer diffusion: While still in the boundary 
layer, the by-product will make it more difficult for new incoming 
precursor molecules to diffuse towards the surface. Once the by-
product has diffused into the gas stream it will be pumped out from 
the reactor. 

8. Transport to pump: By-products have to exit the boundary layer and 
enter the main flow to be pumped out of the system. 

 
Additional steps can occur but these are process specific, for instance a 

stepwise decomposition of a molecule on the surface or homogeneous reac-
tions in the gas phase. In this way species that are more reactive can be formed. 
Formation of such intermediary gas phase species can prove to be important 
for growth and need to be considered when trying to model the growth mech-
anism. [2] A steady state between all these steps will yield a stable film 
growth. 

Figure 1: A general breakdown of the CVD process in steps: (1) transport of pre-
cursor to boundary layer, (2) diffusion through boundary layer, (3) surface adsorp-
tion, (4) surface migration, (5) surface reactions, (6) by-product surface migration 
and desorption, (7) by-product diffusion through boundary layer, (8) transport of 
by-product to pump. (*) Homogeneous gas phase reaction forming intermediary 
gaseous species. (**) Dissociative surface reaction. 
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However, stable growth is not always easy to obtain since several factors 
affect these process steps. Temperature, pressure and mass flow as well as the 
precursor species used are all relevant for the deposition process metrics such 
as the control mode, residence time and surface coverage. These parameters 
will co-interact to influence the process in complex ways. 

The CVD process can be controlled by any one of the steps (1–8) in Figure 
1. The growth process in CVD is governed via the rate determining step just 
like any other chemical reaction. Two types of steps are then of special im-
portance in CVD: Mass transport (steps 2–4 in Figure 1) and surface kinetic 
control (step 5 in Figure 1).  

In the case of mass transport control, the surface reaction rates are much 
higher than the diffusion rate over the boundary layer; the growth is here lim-
ited by the mass transport to the surface. The reactive precursors will form a 
solid phase as soon as they adsorb on the surface. This will deplete the gas 
phase, and the step coverage will be poor. This means that diffusion, linear 
gas flow velocity and precursor partial pressures will influence the CVD pro-
cess more than the deposition temperature.  

Surface kinetic control occurs when the surface reaction rates are kinet-
ically limited. The growth process is here less affected by the diffusion over 
the boundary layer. Hence, reactor geometry, and substrate position will not 
influence the growth rate. If the temperature is constant over the substrate, 
surface kinetic control offers a major advantage – excellent step coverage. To 
convert from mass flow control to surface kinetic control one can: 

  
- Lower the temperature: This will lower the surface reactivity until 

the growth rate becomes limited by surface reactions. [2,8] 
- Lower the total pressure of the reactor: This will increase the mean 

free path of the precursors and as such reduce the boundary layer 
thickness.  

- Increase the linear gas flow velocity: This decreases the boundary 
layer thickness. 

 
It is important to establish which process steps will limit the total growth 

rate of the CVD process. 
To distinguish between different control regimes, Arrhenius-plots are usu-

ally made. They take the name from the Arrhenius expression,  
r = ke-Ea/RT, where r is the reaction rate, k is a pre-exponential factor, Ea is the 
activation energy, T is the deposition temperature and R is the gas constant. 
By plotting the logarithm of the reaction rate, ln r, vs. the reciprocal tempera-
ture, T-1, one can find ranges of linear relationships, as ln r = ln k - Ea/R·T-1. 
These relationships account for the apparent activation energies of the rate 
limiting steps within a certain temperature range, these energies easily de-
duced from the linear slopes. An example of such a plot is seen in Figure 2. 
For the calculations, the thickness of the coating is often used instead of r, 
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being proportional to the reaction rate. This is a fair assumption under the 
condition that there are no density variations throughout the coating and that 
no solid state diffusion of the coating phase into the substrate has occurred. 

Residence time is the balance between adsorption and desorption which 
determines how long time one individual particle remains on the surface be-
fore returning to the gas stream. Surface coverage is the fraction of the surface 
that is covered by a species. Some species that are more loosely bonded to the 
surface yield a short residence time while others will remain longer. If the 
process depends on a certain species A adsorbed to the surface while some 
other species B must approach and react with A, either from the gas stream or 
by surface migration, the residence time of A needs to be in balance with that 
of B. 

If A has a very long residence time, and greater surface coverage, then it 
will be difficult for B to find vacant sites on the surface to approach A. As an 
adsorbed particle, B can only reach A from the gas phase. If A and B have 
similar residence times then more vacant spots will leave room for B to adsorb 
and to react with A. If A has a very short residence time, and low surface 
coverage, then B covers most of the surface. If A manages to find a vacant 
spot then the reaction can occur. 

Lastly, suppose there is a third species C that also has a long residence time 
but does not contribute to the reaction. This species will then act as an inhibitor 
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and “poison” the surface, preventing solid phase formation by blocking avail-
able surface sites. The actual surface will thus depend on the fractional cover-
ages of all species in the reactor. 

Increasing the temperature will shorten the residence time which can be 
favourable as the exchange between the gas phase and the surface compounds 
will be larger. The fractional coverages of adsorbed species can be altered by 
modifying the partial pressures and the overall gas phase composition. Reduc-
ing inhibiting species and balancing those that are important to solid phase 
formation along with a fresh exchange of new particles from the gas stream 
will aid the growth. 

The technique called atomic layer deposition (ALD) circumvents any mix-
ing of the precursors by introducing them into the reactor sequentially with a 
flush step in between. This sequential operation is repeated over many cycles. 
In this way, the surface may be terminated by species A and species B will 
react from the gas phase, and vice versa. Such precursors are selected to un-
dergo a self-limiting reaction in each step which prevents continuous growth 
during the individual pulses. This procedure allows for more reactive precur-
sors to be used without risking homogeneous nucleation [9]. ALD offers an 
excellent thickness control since the thickness is proportional to the number 
of cycles, however at a price of a very low growth rate. 

A hybrid method between CVD and ALD is Pulsed CVD (Time-resolved 
CVD). This method introduces the precursors separately into the chamber but 
does not comply with the self-limiting reaction property, that is vital for the 
excellent step coverage in ALD [10]. Alternatively, some precursors might be 
allowed to flow continuously while others might be switched on and off re-
peatedly during deposition. 

In this thesis, the CVD reaction is thermally activated (TACVD) in a hot-
wall reactor. The entire reactor is heated using external means such as furnace 
elements. The desired effect is to increase the temperature of the gas phase to 
induce homogeneous (but not heterogeneous) reactions that form intermediate 
species. The downside is that the gas mixture will react and deposit a coating 
also on the inside of the reactor, not only on the sample surface. This can be 
overcome in a cold-wall reactor where only the substrates are heated. The dep-
osition is then localised at the substrate and this minimises gas-phase depletion 
and homogeneous gas-phase reactions. However, any advantage of activating 
homogeneous reactions in the gas phase is lost. 

Several related methods have been developed over the years to increase the 
reactivity of the precursors and to lower the deposition temperature. Plasma 
enhanced CVD/ALD (PECVD, PEALD) lowers the activation energies by 
creating reactive intermediary species in the gas phase. Laser assisted CVD 
(LACVD, LCVD) uses a laser to locally heat the sample surface or to non-
thermally (photolytic LCVD) excite precursors in the gas phase. Metal-or-
ganic CVD (MOCVD) involves precursors whose properties help promote 
growth at lower deposition temperatures. 
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Apart from these specialised cases, CVD processes are often classified by 
process pressure or temperature although there is no defined standard. Atmos-
pheric pressure CVD (AP-CVD) is a high pressure process while Low pres-
sure CVD (LP-CVD) is usually performed under 1 Torr. UHVCVD is also 
carried out in the 10-9–10-10 Torr region, usually in combination with other 
UHV equipment. Low temperature (LT-CVD) is often referred to for pro-
cesses below 300°C, while high temperature processes (HT-CVD) usually are 
assigned to temperatures above 1500°C. 

In this thesis a recently developed hot-wall TACVD equipment will be de-
scribed. The focus has been to be able to deposit multilayer coatings in a cor-
rosive environment at high temperatures. 

To achieve this type of control and precision, a flexible and accurate CVD 
system is required, comprising a reactor, a vacuum pump, several gas sources, 
mass-flow controllers (MFC), a pressure controller (PC) and a multitude of 
valves and piping. This thesis covers the construction of the CVD system, 
Muspel, and the co-developed control program, Surtr, which was designed and 
built in-house. A few coating examples from operating the system will also be 
given at the end of this thesis. 
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2. The CVD-system, Muspel 

Muspel is a hot-wall CVD reactor, heated externally by resistive furnace ele-
ments arranged in three different zones. The CVD system is presented sche-
matically in Figure 3. 

The system offers a high flexibility. There are currently 12 different pre-
cursors available which allows for several materials to be deposited simulta-
neously (multiphase) or on top of each other (multilayer). The pressure con-
troller can regulate the total pressure in the range ~0.15–100 Torr and is mon-
itored and controlled by several pressure gauges. The temperature can be con-
trolled over three zones along the CVD reactor. Substrates are placed in zone 
2 with the zones 1 and 3 controlling any temperature deviations in zone 2. 
Zone 1 can also be tuned to increase or decrease homogeneous gas-phase re-
actions prior to zone 2.  

An in-house developed control interface, Surtr, allows for excellent control 
of the deposition parameters as well as extensive data logging. In combination 
with the control program, a recipe control function can handle complicated 
and fast adjustments of almost all parameters (temperature, mass flow, pres-
sure) related to the CVD process resulting in an excellent repeatability. ALD-
grade pneumatic valves are mounted on most gas inlets which allow for a fast 
on-/offset of the different gases into the reactor.  

Pulsed CVD or ALD-like processes can be run in the reactor. The time 
intervals between the pulses are longer than in a true ALD case equipped with 
a bypass. The reason is that the MFC is the slowest unit with a response time 
of 0.5 s. In the case where a bypass exist the flow can be redirected rather than 
being shut off; an operation that is slightly faster. 

The recipe function can cycle instructions an arbitrary number of times 
with an approximate speed of 4 instructions per second as hardware restricts 
how often a command can be sent to each control unit.  
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2.1 Materials 
The furnace elements in the reactor are three pairs of Fibrothal [11] half-cyl-
inders with dimensions ØO=250 mm, ØI=100 mm and lengths 250, 500 and 
250 mm. 125 mm end-cap segments were used as insulation on each side.  

316 Stainless steel 1/4” tubes were used for transporting the gas from the 
sources to the reactor. Silver deposited VCR gaskets were used for tubes while 
copper gaskets or silver deposited gaskets were used for larger flange diame-
ters.  

The gas inlet flange has four inlet channels allowing gases to be mixed at 
the very beginning of the reactor or to be introduced just before the sample 

Figure 3: The schematic of the Muspel system. Source gases presented at the bot-
tom are delivered to the reactor through a series of valves and mass-flow control-
lers. The reactor is heated by three separate furnace elements, and a butterfly valve 
controls the pressure at the outlet. 
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holder. The central inlet delivers a bulk gas at the inlet of the reactor while the 
other three channels may be equipped with inner tubes that can deliver the 
gases close to the substrates. The downstream end of each tube is plugged and 
an array of nozzle holes were instead drilled on the side to distribute and mix 
the gases. The tubes are made from Inconel and may be screwed into the inlet 
flange and tightened using custom copper gaskets to adapt to angular direction 
of the nozzles. This simple mixing implementation will be changed in the fu-
ture to a more advanced showerhead design which is explained in a later sec-
tion. 

The bulk flow comprises only H2, one channel hosts the halide precursors 
(WF6, TiCl4, BCl3, HCl) and Ar, while a second channel hosts sources of H2S, 
H2, Ar, nitrogen (as N2, NH3), carbon (as CH4, C2H4) and the combined car-
bon-nitrogen source acetonitrile (CH3CN). The third channel is currently un-
used. 

A support was made from isotropic graphite to stabilise the tubes at higher 
temperatures. The support is disc shaped with holes fitting the three Inconel 
tubes and one larger, central hole, to let the bulk gas flow pass. Schematic 
images are provided in Appendix A. 

The reactor tube was made out of a ferritic iron-chromium-aluminium al-
loy from Kanthal [12] which is able to withstand oxidation at high tempera-
tures. The tube has a length of 1600 mm, an outer diameter of 64 mm and a 
wall thickness of 4 mm. 

Two sections of isotropic graphite tubes were inserted into the reactor to 
prevent Al being etched from the reactor tube. Early deposition tests showed 
formation of AlF3 on the sample surfaces as analysed with XRD. By adding 
inner tubes no such phase formed in any subsequent experiments. The graphite 
sections are 650 mm and 1160 mm, each with an outer diameter of 53 mm and 
a wall thickness of 2.5 mm. These can easily be replaced if needed. 

The sample holder was also made from isotropic graphite with 15 premade 
slots to fit substrates. Either a single holder or a compound holder, with one 
mounted on top of the other, can be used to modify the cross-sectional area 
above the substrate and thereby the linear gas flow velocity. The full sche-
matic can be found in Appendix A. 
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Figure 4: Sample holders after extensive usage. 

2.2 Temperature control 
The temperature is controlled by several Eurotherm 3216 PID controllers 

with RS-232 communication. K-type thermocouples are placed in the lateral 
centre of each furnace zone on the outside of the reactor tube but in close 
proximity to the furnace surface. 

2.2.1 Preheating profile 
Some gases have a boiling point close to room temperature. In that case all 

tubing between all gas canisters and reactor are insulated and heated. This is 
both to prevent any condensation of liquid inside the tubes prior and also to 
prevent condensation in the MFC which can cause an uneven flow. The pre-
heated gases are WF6, BCl3, TiCl4 and CH3CN. A schematic of the gases and 
how they are introduced into the CVD reactor is presented in Figure 3 along 
with the temperature set-points. 

2.2.2 Reactor temperature profiles 

Temperature profiles in the three zone hot-wall reactor were measured to 
ensure correct deposition conditions. The temperature inside the reactor was 
measured using a 2 m long K-type thermocouple through a 3 mm O-ring 
sealed port downstream from the reactor but upstream from the pressure con-
trol valve. The position of the thermocouple was stabilised using a barrel type 
support to keep it at the radial centre of the reactor tube. The temperature was 
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measured from -30–25 cm at different points where 0 is the centre of the re-
actor tube where in the middle most sample slots and the external controlling 
thermocouple align. External temperatures were kept at 500, 600 and 1000°C 
while the reactor pressure was kept at 5 Torr with a flow of 500 sccm Ar dur-
ing all measurements. The results are presented in Figure 5 below and the data 
are found in Table 4 in Appendix B. 

 

 
Figure 5: Deviation from set-point temperature inside the reactor with an exter-

nal temperature at 500, 600 and 1000°C. Measurements were performed with a long 
thermocouple through an O-ring sealed port on the downstream side. 

 
The temperature in the deposition zone, where the sample holder is located, 

showed small deviations (<1°C). Across the entire deposition segment of the 
furnace larger variations occurred depending on the set-point and heating cy-
cle of the inlet- and outlet-segments of the furnace. 

Equilibrium times were measured from the moment when the external ther-
mocouples stabilized within ±1°C from their set-points and the inner thermo-
couple reached a stable level. With the internal thermocouple centred in the 
deposition zone, the temperature was logged in a wide range of increasing 
temperatures from the normal resting temperature at 50°C. The time differ-
ences are shown in Figure 6 below and the values are presented in Table 5 in 
Appendix B. The difference in internal temperature is plotted in Figure 7. 
The difference in time is used before deposition to ensure gas temperature 
equilibrium at the start of experiments. In the region 350–650°C the relation-
ship is quite linear, and as a rule of thumb the addition of 15 min/100°C below 
800°C represents good practice. In the region above 750°C, the stability is 
limited by the in- and outlet zones and need no further compensation as those 
are programmatically controlled. In the region 650–750°C it is good practice 
to use 15 additional minutes for stabilising temperature. The relationship be-
tween external and internal temperature was noted and can be compensated 
for if desired. 
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ternal TCs at the out- and inlet zones compared to the TC at the deposition zone. 
These values are presented in Table 5 in Appendix . 
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2.3 Mass-flow control 
Mass-flow controllers (MFCs) regulate the gas flow by two different methods 
using two different control units from MKS [13], the MKS GM50A and the 
MKS 1152C. The GM50A units are mounted to a panel with manually and 
pneumatically operated bellow valves as well as a check valve to prevent 
backflow, as shown in Figure 9. The 1152C units are mounted to a different 
panel to shorten the paths between source gas and reactor as tubes need to be 
heated to prevent condensation. Between each of the 1152C units and reactor 
there is a manual bellow-sealed turning valve which is able to withstand ele-
vated temperatures. This is seen in Figure 10. 

MFCs are connected to three vacuum system control units (MKS 946) 
shown in Figure 11. 

2.3.1 Thermal conduction (MKS GM50A) 
This MFC uses a method for thermal conduction that involves a specific 

amount of heat to be introduced to the system and transferred to the gas. The 
increase of the gas temperature, being proportional to the gas flow, is then 
measured and used as a control signal. This technique is simple and accurate 
with an advantage that each unit is easily recalibrated for other gaseous species 
through a conversion factor. The calibration factor depends on the gas densi-
ties and heat capacity for the two gases that are interchanged. Tables for con-
version factors have been made available online by MKS [14]. The conversion 
factor is based on heat capacity at constant pressure and gas density at standard 
conditions. It is calculated from [15]: 
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where Cal is the gas for which the unit is calibrated and New is the new gas to 
be used. Provided in Table 1 below are a few relevant examples. 
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Table 1: Tabulated conversion factors for selected gases extracted from list pro-
vided by MKS [14] unless otherwise stated. (*) - Conversion factors calculated 
based on CP and ρ from AirLiquide [16,17] 

Gas Specific heat, CP 

[cal/g°C] 

Density, ρ 

[g/L] @ 0°C 

Conversion 

Factor, FC 

Air 0.240 1.293 1.00 
Ar 0.1244 1.782 1.39 
H2 3.419 0.0899 1.01 
O2 0.2193 1.427 0.993 
N2 0.2485 1.250 1.00 
NH3 0.492 0.760 0.73 
CH4 0.5328 0.715 0.72 
*C2H4 0.3487 1.260 0.70 
*H2S 0.24177 1.5357 0.83 
HCl 0.1912 1.627 1.00 
BCl3 0.1279 5.227 0.41 
WF6 0.0810 13.28 0.25 

2.3.2 Pressure drop (MKS 1152C) 
MKS MFC 1152C regulates flow by measuring the pressure difference on the 
inlet and outlet ports of the unit while the gas is heated to a specific tempera-
ture. The differential is measured over a laminar flow element of sufficient 
length to obey the Poiseuille equation. The throughput of the device is then 
[15]: 

� =
���

128��
����Δ� 

where Pave is the average pressure in the element, ∆P is the pressure difference 
between the out- and inlet, l is the length of the laminar element, η is the vis-
cosity of the gas and d is the molecular diameter. 

The advantage of such an MFC is that it can work at elevated temperature, 
up to 150°C. A drawback for these regulators is that the unit is calibrated for 
a specific precursor (vapour pressure at a specific temperature). If another pre-
cursor is used then a recalibration is needed using special equipment. 

In the Muspel-system there are 1152C units for TiCl4 and CH3CN, respec-
tively. These two precursors are liquids at room temperature with a vapour 
pressure higher than the process pressure. The liquids are located in metal 
containers housing 100 ml placed closely to the 1152C units. Surtr has the 
capacity to estimate the remaining liquid volume by integrating the flow over 
time. This is to prevent the container from running dry mid-process. 
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The metal containers are thermally insulated in heating jackets from Hemi 
Heating [18]. Tubes between the container and the MFC as well as tubes be-
tween MFC and reactor are insulated using aluminium silicate fibre textile 
which is then covered using aluminium foil. 

2.3.3 Gas mixing 
For mixing the gases in the reactor there are holes at the side of the Inconel 

inner tubes and one smaller radius hole in the capped end. The gas will be 
injected radially inwards crossing the streams of the other tubes causing tur-
bulence and mixing. This construction is an attempt to create a quick and easy 
way of mixing and has been used for all depositions up to date. In a few in-
stances it was noticed that the substrate holder was unevenly coated perpen-
dicularly to the flow. 

 
In the future, a new, more advanced mixing system will replace the existing 

one using a 3d-printed 3-channel showerhead made in 316L. The conventional 
way is to separate each channel into many smaller inlets distributed evenly 
across the spatial plane. An image of the showerhead is shown in Figure 8. 

2.3.4 Linear mass flow velocity 
The linear flow velocity is calculated using volumetric speed of the in-

serted precursors, divided by the cross section of the area above the sample 
holder. This cross sectional area is the area of the graphite inner tube (15.90 
cm2) minus the segment area of the sample holder (5.50 cm2, or 11.0 cm2 if 
using the compound holder.) 

This is an estimate that is true if the precursors are consumed at the same 
rate as by-products are formed across the reactor volume. For instance, for 

Figure 8: The uninstalled showerhead for gas mixing: (Left) As printed; (Middle) 
piece cleaned up after printing; (Right) Flow and distribution of gas channels 1, 2 
and bulk gas shown in blue, green and yellow, respectively. 
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the reduction of tungsten, one molecule WF6 and three H2 might be con-
sumed leading to six HF by the reduction. This 4:6 molecular ratio leads to 
an underestimation of the flow velocity. However, a CVD process seldom at-
tains thermodynamic equilibrium as new precursors are continuously being 
pumped into the reactor and by-products are pumped out. In the case of sur-
face kinetic control most of the precursor passes unreacted through the sys-
tem so this estimate is valid as a good guideline. 
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2.4 Total pressure control 
The total pressure control (PC) uses a vacuum control system (MKS 946) 

with a pressure PID control board, shown in Figure 11, and an automated but-
terfly valve (MKS 153D) to regulate pressure by reducing the throughput area 
downstream of the CVD reactor, shown in Figure 12. Two MKS 626A capac-
itance manometers (CM) are used for 1000 and 100 Torr full range and one 
MKS 627B CM for 1 Torr full range. The MKS 627B is temperature stabilised 
to yield improved pressure accuracy at lower pressures. The pressure is regu-
lated by adjusting the butterfly valve while measuring either the 1 or 100 Torr 
gauge. 

The vacuum pump is an EV-S20N dry pump from Ebara Technologies, Inc 
[19] of a water cooled roots type, purged with nitrogen to limit corrosion. This 
pump is specified to a maximum capacity of 100 m3/h and an ultimate pressure 
of 3.75·10-2 Torr. The pump is seen Figure 13. 

The PID can directly regulate the pressure using the signal from either the 
1 Torr or 100 Torr gauge. The 1000 Torr gauge can be used by manually re-
connecting the cables. The 1000 Torr gauge is calibrated against the local at-
mospheric pressure given at SMHI (Swedish Meteorological and Hydrologi-
cal Institute) [20]. The 100 Torr gauge is then calibrated at 100 Torr using the 
1000 Torr gauge, and the 1 Torr gauge is calibrated at 1 Torr using the 100 
Torr gauge. 

Using PC, the process pressure could theoretically be stabilised at a mTorr 
level by using the 1 Torr gauge that is reliable down to ~0.5 mTorr.  Practi-
cally, the lowest total pressure is limited by pump capacity and the total mass 
flow used. The lowest reasonable total flow currently used (~50 sccm) would 
allow the lowest base pressure in the system to be ~0.20 Torr with the control 
valve fully opened. If a lower total pressure is needed, new MFCs and/or a 
pump having a better pump capacity must be used. The upper bound is limited 
by the valve’s ability to maintain the pressure gradient between the reactor 
and the pump as well as the flow into the system. 

2.5 Other control units 

The system has an array of ALD-grade pneumatic valves. They are con-
trolled through a pneumatic solenoid valve manifold from Camozzi [21] 
which in its turn is controlled by a custom made switch board, seen in Figure 
14. The switchboard has triple-state switches; open, closed and auto. The auto 
circuits are operated by the computer by routing the current through three 
NI9485 8-channel Solid State Relays in a cDAQ-9174 CompactDAQ chassis 
from NI [22]. The relays and chassis are shown in Figure 15. 
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2.6 Safety 
The large part of the system is contained in a top-ventilated box. Internal 

gas cabinets inside the box for WF6, BCl3, CH4, C2H4, H2S and NH3 are sepa-
rately ventilated from the base for double safety. This is to prevent light as 
well as heavy gases from leaking out into the environment. The HCl canister 
is located in a ventilated gas cabinet in a nearby service room and is equipped 
with a nitrogen purge as to not store corrosive material in the tube for an ex-
tended time. 

The lid on the loading flange at the end of the reactor is not tightly secured, 
but held in place only by the vacuum and will fall off should the reactor pres-
sure rise above 1atm. In such a case the excess gas will be released into the 
ventilated box which is preferred to an explosion caused by overpressure. 

The pneumatic valves are of the NC-type (normally closed). Should there 
be a power outage during deposition, the pneumatic valves will then close. 
The valves are connected to the computer via solid state relays. These are of 
the NO-type (normally open) to prevent the circuit from opening the valves 
again when power is restored. The computer runs on an APU (auxiliary power 
unit) and it will remain operational in such a case. 

The heating jackets on the TiCl4 and CH3CN canisters are equipped with a 
bimetallic fuse as an extra precaution. If the temperature becomes too high, 
the jacket circuit will stop heating until the temperature drops back to normal. 

The control program has an alarm loop which checks for discrepancies in 
pressure and temperature and if a deviation is detected, the current process is 
then cancelled. Discrepancies checked for are: 

• If the pressure increases past 25 Torr above the current pressure 
set-point while following a recipe, as would happen in case of a 
pump failure, or 

• If an overpressure above 800 Torr is reached, or  
• If any of the furnace zone temperatures reaches the limit of 

1150°C. If a thermocouple breaks, the Eurotherm controller will 
then signal back a temperature of the maximal settable value which 
is preconfigured to 1150°C to execute this scenario. 

As a countermeasure, the temperature set-point is reset to 50°C, all MFs to 
0 sccm, pneumatic vales will close, the PID pressure control is shut off which 
opens the pressure control valve and, finally, the running recipe will be termi-
nated. The current operator will also be notified via e-mail. 
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Figure 9: MFC panel backside. Gas inlet from the bottom passes through array of manual valves, MFCs, pneumatic valves 
and a check valve before being mixed and inserted into the reactor. 
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Figure 10: MKS 1152C seen from below. Precursors are located in preheated canisters in heating jackets and led in from the 
left hand side. Tempera-tures are gradually increased to prevent recondensation. Bellow valves seal the canisters from MFC and 
MFC from the 
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Figure 11: The control and display units for mass-flow and pressure regulation. 1000 Torr gauge is connected to a MKS PDR2000 
while mass-flow and pressure control is operated from four MKS 946 Vacuum System Controllers. 
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Figure 12: Pressure control system.  Large T-section with an O-ring sealed lid 

for loading samples. On the sides are two smaller ports for pressure gauges where 
the 1 and 100 Torr gauges are used for controlling the pressure. Situated vertically 
are a funnel for shrinking the diameter to fit the butterfly valve and a manual ball 
valve to seal off the pump when exposing the reactor to atmosphere. 
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Figure 13 A roots-type dry pump from Ebara Technologies [19]. It has inlets for water cooling (light blue hoses) and nitro-
gen dilution (blue hose). The system is connected via a bellow to reduce vibrations and a ball valve. The pump exhaust (orange 
hose) is connected to the building’s exhaust system. 
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Figure 14 : Front panel of pneumatic valve control. Switch position up/middle/down corresponds to open/closed/computer controlled. 
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  Figure 15: To the left: CompactDAQ chassis with three NI-9485 8-chan-
nel solid-state relay modules for controlling pneumatic valve states. To the 
right is part of the MFC, pneumatic valve and check valve array. 
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3. The control program, Surtr 

“Þá mælir Gangleri: "Hvat gætir þess staðar þá er Surtalogi brennir himin 
ok jörð?"” 

“Then said Gangleri: "What shall guard this place, when the flame of Surtr 
shall consume heaven and earth?" 

- GYLFAGINNING, TREKTARBÓKAR 
Surtr was the King of the Fire Giants (fire jötunn) in Norse mythology and 

the ruler of Muspelheim. [23] 

3.1 Overview 
Surtr, which is the software controlling the CVD equipment, is written in 

Labview 2015, a graphical programming environment from National Instru-
ments [22]. It accommodates both data acquisition and system control while 
running a CVD-process. This chapter will discuss different sections of the 
control program and how everything fits together. Due to the graphical na-
ture of LabView it is difficult to present all the special cases that the pro-
gram handles in any sort of condensed format. Each section describes the in-
dividual part of the program briefly and gives examples with the accompa-
nied figures. 

The main program consists of three parts, start-up, main loop and shut-
down steps. The start-up phase sets up an array of interface control refer-
ences that are used for logging later and initiates some core variables. These 
core variables are the reactor volume and the volume of precursor found in 
the TiCl4- and CH3CN containers. These values are updated and saved to the 
hard drive in the shut-down step. 

The main loop is a collection of loops running in parallel, communicating 
with the different hardware controllers or program interface. Communication 
is accomplished through the RS232 protocol using RS232 to USB converters 
to enable multiple devices to be connected. The local user interface allows the 
user to access setting temperatures, total pressure and MFC set-points in real 
time and to execute pre-made recipes. Current values are displayed and 
charted to give a comprehensive overview of the reactor state. The local user 
interface is shown if Figure 16. 
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Further in-depth information about the programmatical aspect of Surtr is 
located in Appendix E along with some image examples from the LabView 
program. 
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Figure 16: The local user interface containing visual indicator and controller elements. (1) Temperature overview. (2) 
Temperature control. (3) Mass flow overview and control. (4) Pressure overview. (5) Pressure control. (6) Recipe overview 
and control. (7) Logging control. (8) Reactor overview.   

(1) 

(2) 

(3) 

(4) 

(5) 

(6) (8) (7) 
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3.2 Main control loop 
 

The main control loop is a set of parallel loops which operate: 
• temperature read-out and control, 
• mass flow meters read-out and control, 
• low range pressure read-out and control (1 and 100 Torr gauges), 
• atmospheric pressure read-out (1000 Torr gauge),  
• local user interface, 
• remote user interface, 
• recipe control interface, 
• interface updates, 
• data logging and 
• alarm checks 

 
These loops run independently from each other although they share some 

global variables. A common termination variable, for instance, ends all loops 
which terminate the program. The mass flow and pressure loops read instruc-
tions from two separate order stacks, eliminating instructions one by one until 
only an update instruction remains. Through the manual-, remote or recipe-
control interface instructions may be added to these stacks.  

The loops are schematically illustrated in Figure 17. 
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Figure 17: A schematic of the 10 parallel loops running and how they are connected to each other and to the hardware controllers. 
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3.2.1 Temperature control loop 
The temperature regulation is governed by Eurotherm 3216 controllers. Most 
of the regulated temperature zones (e.g. tubings) are monitored by the program 
but only three furnace zones (inlet, deposition and outlet zones) are settable 
through the local interface. 

The reactor has a defined stability criterion; the furnace temperature is sta-
ble when all three furnace zones have remained within their defined limits 
(SP±X°C) for a fixed number of consecutive loops. That number is defined by 
a time in seconds which by default is 300 s. The program records the looping 
speed and adjusts this time to an integer number. This stability condition de-
fines the moment when the recipe Heat/Cool commands can proceed to the 
next step of the recipe. This condition can be changed at any time. 

The control loop consists of three steps; reading values, updating furnace 
set-points and finally updating charts and checking stability. This is illustrated 
in Figure 18 below. The individual steps are seen in Figure 55, Figure 56 and 
Figure 57 in Appendix D. 

For the Eurotherm 3216 controllers, there were one minor hardware issue 
worth noting. Trying to read the returned response too quickly will result in 
no or only a partial read of the response. It was therefore necessary to add a 
check loop to confirm that the read response was of the correct length and if 
not, re-read the response and concatenate the results until the correct length 
was retrieved. 

Figure 18: Schematic of the TC loop. 
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3.2.2 Mass flow control loop 
Three MKS 946 Vacuum system controllers are used as intermediaries be-

tween the computer and the MFCs. The control loop has a dedicated order 
stack with instructions to be performed. At the beginning of the loop, any new 
commands issued since the beginning of the previous iteration are added to 
the stack along with an update command. The stack is processed until empty, 
and the loop resets. Each instruction is passed into a conditional structure al-
lowing different operations to be performed. Operations such as reading the 
actual value, reading or setting the set-point or the MFC valve state can be 
performed through the manual- or the recipe interface. 

The MFC loop is illustrated, together with the case conditions and their 
respective actions, in Figure 19 below. In general, a request is sent to the con-
trol unit followed by a waiting time. The response is read and put out to the 
screen. This is done for all six units attached to the control unit. As for perfor-
mance, some commands can be sent simultaneously. It was found that bun-
dling two read-out commands and sending them together is beneficial as the 
total cycle time for this function is shorter. An example is shown in Figure 58 
in Appendix D. However, it was also discovered that commands for the setting 
of set-points or valve states do not work this way, limiting this function to 
processing each unit individually rather than in pairs. This restriction is prob-
ably connected with hardware limitations, that updating values requires more 
time for processing or that the command/response string is too long for the 
internal buffer. 

 
Figure 19: The MFC loop. For each command in the order stack, depending on 

the case, the action is processed once for each unit attached to the control unit. The 
fetch and update commands can be bundled and only need to be iterated three times. 
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3.2.3 Low range pressure control loop 
One MKS 946 Vacuum system controller is used for pressure readout and 

PID control. The control loop operates just like the mass-flow control loop. 
Operations such as reading the actual pressure value, reading or setting the 
PID set-point, turning the PID state on/off and changing the PID recipe num-
ber can be performed in the local user interface or through the recipe interface. 

This loop, the case conditions and their actions are shown in Figure 20 be-
low. Unlike the MFC loop, there are only two units attached to the control 
unit, and no internal iteration between sub-units is thus needed. An example 
is shown in Figure 59 in Appendix D. 

 
  

Figure 20: The PC loop. An action sequence is processed depending on the case 
for each command in the order stack. The update command can be bundled, elimi-
nating the need to loop for each of the two pressure gauges. 
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3.2.4 Atmospheric range pressure display loop 
One MKS PDR2000 read-out is used for pressure readout of the 1000 Torr 

gauge. This control loop only issues readout commands and reads the re-
sponse. The loop is also capped to wait for longer durations between cycles as 
to not waste system resources as the pressure is only for reference, but also 
because the PDR2000 unit has a longer update cycle (Figure 21). 

This loop is shown in Figure 60 in Appendix D. 

 

3.2.5 Local user interface loop 
The main control interface is an event-based loop which responds to certain 

interface button values changing or if keyboard keys are pressed. This loop 
works just like the MFC or PC loop except that the order stack is now a stack 
of events processed by LabVIEW. The cases handle for instance sending set-
points to the control units, or changing menus or other button behaviour. The 
cases are numerous and will not be discussed in more detail here. 

Two examples are shown in Figure 61 (setting mass flow values and valve 
states) and Figure 62 (start a recipe). 

3.2.6 Recipe control interface loop 
The recipe control loop reads a csv-file containing step instructions and re-
spective values/set-points. This file can be generated in MS Excel for instance, 
or the spreadsheet or text editor of one’s choice. Again, this creates a com-
mand stack like for the MFC or PC loops.  

Figure 21: The Atmospheric pressure control loop. AV is actual value of the 
gauge. 
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An example basic recipe could be: 
1. Set logging path and filename. 
2. Start logging. 
3. Open Ar pneumatic valve. 
4. Set basic Ar flow (for flushing the chamber). 
5. Heat chamber to 600°C. 
6. Wait for 30 minutes (to equilibrate temperature). 
7. Open precursor pneumatic valves. 
8. Set precursor flows. 
9. Wait 30 minutes (deposition step). 
10. Close precursor pneumatic valves. 
11. Set precursor flow to 0 sccm. 
12. Cool down to room temperature. 
13. Set Ar flow to 0 sccm. 
14. Close Ar pneumatic valve. 
15. Stop logging. 
16. Stop recipe. 

A more advanced recipe could contain multiple deposition steps and loop 
sections of instructions to achieve a multilayer deposition. For specific details 
of file structure and commands, see Appendix B. An example of the Heat 
command is shown in Figure 63 and Figure 64 in Appendix D. 

3.2.7 Remote user interface loop 
The remote interface gives access to basic monitoring and to performing mi-
nor maintenance such as baking out the system. 

The remote interface consists of a loop reading a pop e-mail server. By 
sending an e-mail to the dedicated email account with a command specified 
in the subject, a minor control of the system is enabled. The e-mail on the 
server forms a command stack. The subject is parsed and matched in a condi-
tional structure. If a match is found, then any of the following operations can 
be executed: 

• Snapshot; send a list of the current read out values, 
• Start or stop logging, 
• Change the time between logging data points, 
• Abort current recipe, 
• Execute emergency shutdown, 
• Change the temperature. 

 
If the e-mail does not fit any of the given commands, or commands for 

other CVD systems in the group running Surtr-based software, it is removed 
from the server. 

Two examples are shown in Figure 65 (set temperature command) and Fig-
ure 66 (abort command) in Appendix D. 
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3.2.8 Interface update loop 
The interface update loop performs calculations during run-time. It evaluates 
the consumption and remaining volume of TiCl4 and CH3CN from their re-
spective containers; it adds up the flow and presents it in the furnace overview; 
it logs the system pressure increase and estimates the leak rate (if the pump 
valve is closed) or estimates the system volume (if the pump valve is closed 
and a non-zero gas flow is put into the reactor). 

An auto-step function is running here, that allows manually inserted set-
points to become active after a certain time. It triggers a timer while active and 
once the timer reaches zero, it updates entered temperatures, MFC rates, MFC 
states, pneumatic valve states, PID state and PID pressure to the entered val-
ues. 

A notification function is also conditionally checked. If the notification sys-
tem is active, an e-mail will be sent to the entered address when the auto-step 
timer has a few minutes left or when the deposition zone temperature is ap-
proaching the set-point value. Once triggered, each of these systems deac-
tivates. 

These functions are shown in Figure 67 and Figure 68 in Appendix D. 

3.2.9 Data logging control loop 
While logging is active, this loop writes data points for the current furnace 
temperatures, deposition zone set-point, 1 Torr  and 100 Torr pressure gauge 
read-outs and PID set-point, certain auxiliary temperatures (for TiCl4 and 
CH3CN containers) as well as the flow readout for all the MFC. 

Logging occurs with a fixed time interval which can be changed in the in-
terface at any time. The file path and name can be set through the manual or 
the recipe interface. When logging is activated, a timestamp is added to the 
filename along with an iteration number. Only 500 data points are stored in 
each file and a new file is generated when that limit is reached. This limitation 
prevents file corruption and massive data loss should anything unexpected 
happen. Also, when files get large they have an impact on the overall program 
performance. An external program can be used to concatenate the logged data 
files together. 

Also, any text written in the Log Info textbox will be stored in an 
Experiment.txt-file inside the selected log directory as a reference. The basic 
functionality is seen in Figure 69 and Figure 70 in Appendix D. 
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3.2.10 Alarm control loop 

This safety loop checks for deviations in process temperature and pressure. 
Critical deviations checked for are: 

• If the pressure increases past 25 Torr above the current pressure 
set-point while running a recipe, as would happen during a pump 
failure, or 

• If an overpressure past 800 Torr is reached, or  
• Any of the temperature zones increases above 1150°C. 

 
If a critical deviation is identified, the following will occur: the temperature 

set-point is reset to 50°C, all MFs to 0 sccm, pneumatic vales will close, the 
PID pressure control is shut off which opens the pressure control valve and 
finally the running recipe will be terminated. The current operator will also be 
notified via e-mail. This is presented in Figure 71 in Appendix D. 

This loop also checks the mass flow rates for WF6, NH3, TiCl4 and CH3CN 
to ensure that flow is maintained. If there is no flow while a set-point is set 
then an alarm is triggered. This is a precaution to alert the user if gas canisters 
are empty or if any regulator or valve malfunctions. These functions are de-
signed to have a short buffer time to allow the regulator to set the flow properly 
and to avoid spamming the operator false flow-failure messages. 

Finally, the loop checks the pressure value. If it is rising and passes 550 
Torr then the mass flow is shut off. This is to allow the Ar or N2 used for filling 
the reactor to properly fill up cavities in the graphite. When the reactor is open 
it is more difficult for other gas to seep into the graphite.  

When pressure is close to atmosphere (>680 Torr), it sets a flow of 200+100 
sccm Ar, 100 sccm N2 while closing down every other gas flow. This coun-
termeasure prevents air to enter the reactor while loading/unloading the sub-
strates. It is also to set back the mass flow of argon, as the MFC is usually 
opened fully when filling the chamber, as to not waste gas. 

The MF rate and high pressure check are presented in Figure 72 in 
Appendix D. 
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4. Examples of acquired depositions 

The purpose of this section is to provide a selection of CVD coatings with 
corresponding processes to test the new equipment. They have all been pro-
duced in Muspel and the idea is not to give a comprehensive description of the 
material system but to conceptually display the possibility of making these 
depositions. All of the examples were produced using recipe control to keep 
deposition timings precise and reproducible. The depositions were character-
ized using XRD, XPS or SEM/EDS. 

For SEM analysis two different SEM/EDS microscopes were used. One 
Zeiss 1530 and one Zeiss 1550, both equipped with Schottky FEG sources, 
Inlens-, SE2- and BSD detectors for imaging and additional 80 mm2 silicon 
drift detectors for EDS. The actual resolution in the range 1–3 nm depends on 
the acceleration voltage. 

XRD analyses were performed in a Siemens D5000 diffractometer in a 
grazing incidence mode. It’s equipped with a CuKα source (λ=1.5418 Å), 
where the incidence beam has a Ni/C Göbel mirror and the detector is 
equipped with an 0.15° parallel beam collimator. 

XPS measurements were performed in a PHI Quantera II Scanning XPS 
Microprobe from Physical Electronics using an Al X-ray source. 

Refinement of the XRD data was performed in DIFFRAC TOPAS by 
Bruker [24] using PV_TCHZ type profiles. XPS data were analysed using 
Multipak [25]. 
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4.1 Thin films based on tungsten 
Common precursors for CVD of tungsten compounds are the halides 

WF6(g) and WCl6(s). Other compounds, such the hexacarbonyl, W(CO)6(s) 
or metalorganic molecules  have also been studied. 

Tungsten thin films can be selectively deposited on silicon by controlling 
the amount of oxide on the surface since silica will inhibit the growth and 
nucleation of W. This fact is utilised for metallisation of electronics and inte-
grated circuits. Being dense, diffusion barrier applications are also feasible. 
With optimized process parameters for rapid growth, the growth rate can be 
so fast that it can be used to manufacture bulk material coatings. This is com-
mon for reactor and nuclear-shielding applications. W is one of the most 
promising materials towards plasma for fusion reactors although some chal-
lenges still need to be overcome in this field. [26,27] 

Research on WN-based coatings date back to the late 1980s. [28] Coatings 
of WN (and TiN) are conductive but can act as diffusion barriers between 
contact materials in integrated circuits. They can also be used in wear-resistant 
applications. 

In some recent articles, multilayered structures of tungsten-based materials 
such as W, WN, WC and WCN were reported deposited using physical vapour 
deposition (PVD). The focus was put on multilayers for comparing their me-
chanical properties such as hardness or friction. Horník et al. compared hard-
ness and adhesion of W/WN structures with such properties of Cr/CrN and 
Ti/TiN multilayers [29]. Chang et al. [30] investigated TiN/W2N multilayers 
and their improved hardness compared with single phase TiN coatings. Kumar 
et al. [31] made a comparison study of TiN/WN vs. TiN/CrN and TiN/ZrN 
multilayers with regard to loading displacement and frictional behaviour while 
Rivera-Tello et al. [32] studied hierarchical WC/WCN/W multilayers. There 
are not many publications for multilayered CVD structures of tungsten-based 
structures at the moment. These results are interesting and call for similar in-
vestigations on CVD-deposited layers. 

4.1.1 CVD of tungsten 
Reduction of WF6 to W is possible using several reducing agents. Tungsten 

coatings can be made from a reduction of WF6 by H2. The overall reaction is: 
������ + 	3	#$��� 	→ ��&� + 	6	#����				(7*(33* 

 
The reaction rate has been extensively studied. Broadbent et al. [36] re-

ported the rate to be proportional to the square root of the hydrogen partial 
pressure, without any appreciable effect from the WF6 partial pressure at 
500°C in the 1 Torr regime. This means that H2 is the rate limiting molecule 
and that the overall reaction order is ½. 
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The reaction rate can be expressed as: 
 

+ ∝ -./
0/$ ∗ -345

6  
 
This is the common conclusion from several other works if the process is 

not diffusion controlled. [34] Bryant et al. [35] in their analysis at slightly 
higher pressures (6–60 Torr) find that the limiting step of the total reaction 
rate can be controlled by desorption of HF at lower pressures (6 Torr) and WF6 
diffusion at higher pressures. They also discuss the possibility of an adsorption 
controlled process at very low pressures. Their data, however, do not range 
that far to elucidate the type of control at 1 Torr. 

W coatings can also be made using Si (typically the substrate) which can 
reduce WF6 to form solid films without any external reducing agent present in 
the gas phase. The overall reaction is: 

 
2	������ + 	3	78�&� 	→ 2	��&� + 	3	78�����								(33* 

 
This reaction will initially etch parts of the surface, since Si is removed 

from the substrate as SiF4, until a covering film is formed and the process self-
terminates.  

In the literature of pulsed CVD or ALD of tungsten, one reducing agent 
often used is silane (SiH4): 

 
4	������ + 	3	78#���� 	→ 4	��&� + 	3	78����� + 12	#� 

 
When using Si substrates or Si-containing precursors, it is important to be 

aware of the fact that WSi2 may form, usually above 550°C. [37] The extent 
of its formation depends on the thickness of native oxide present on the sur-
face. The occurrence of tungsten silicides affects the film adhesion to the sub-
strate and may cause unwanted changes in electrical properties if not taken 
into consideration.  

Diborane (B2H6) is sometimes used as an additive to increase the deposition 
rate. 
 

In this thesis, tungsten thin films were deposited on Si(100) and cemented 
carbide (CC) substrates at 515°C and 1 Torr total pressure with a total mass 
flow of 500 sccm. A 6 sccm WF6 flow was diluted with 60 sccm Ar, 180 sccm 
H2 and additionally 254 sccm Ar were fed into the system during 17 minutes. 
When using the sample holder in a compound configuration (see Figure 52 in 
Appendix B), the linear flow-rate velocity was estimated to be ~1250 cm/min. 

 
SEM images of a fracture cross section and a top surface image are shown 

in Figure 22 and Figure 23.  



 52

 
Figure 22: Unpolished fracture surface of W deposited on Si(100). Film thick-

ness is ~0.85µm. 

 
 
 
 

Figure 23: Top-view of the W-film surface. 
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From the SEM images it was determined that an 0.85 µm thick film had 
been deposited on Si(100) with a growth rate of ~50 nm/min. The grains were 
coarse and the top surface image shows clear crystal facets. However, these 
facets are quite irregular, showing multiple step-like features on each of the 
grain facets and on smaller features. If the surface diffusion of adsorbed atoms 
(adatoms) cannot keep pace with the surface reaction kinetics, the surface cov-
erage will be poor. Adatoms will not have enough time to find more stable 
positions at kinks and steps in the growing plane. This promotes out-of-plane 
growth, resulting in continuous nucleation or incorporation of defects. In a 
kinetically controlled system it is expected that each grain will be more uni-
formly grown since adatoms can move onto steps and kinks. In-plane growth 
of the terraces on the growing facets will yield larger and smoother facets. It 
is illustrative to compare this top surface with those of WxN (Figure 29) and 
TiN (Figure 42). This coating is most likely a result of mass transport control 
with tendencies of out-of-plane growth. 

The interface between the film and substrate is uneven and seems to contain 
voids. Si is etched and consumed by this reaction and an uneven surface will 
cause voids to form at the interface. This is typical for a reactive substrate. Si 
is a more efficient reducing agent than H2 and it will react rapidly with WF6 
until a complete coverage is established at which point the Si surface will be 
inaccessible. 

Smaller grains are also present at the interface. This is commonly observed 
since a large number of nuclei form on the surface. A fraction of these have a 
slightly higher growth rate, which could either be caused by shorter diffusion 
distances in mass transport control, or be an effect of a more favourable crys-
tallographic orientation. These faster growing grains will overgrow and cut 
off the precursor supply to the slower growing ones. Grains in pits or trenches 
would also be more likely subjected to overgrowth than those on a flat surface. 

 
XRD data from the coating on CC substrates are presented in Figure 24 and 

Figure 25. 
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Figure 24: θ-2θ XRD scan of the W-film on cemented carbide. Substrate phases 

(WC, Co and TaC) are presented in black. α-W (red) is the film phase fitted with lat-
tice parameter a=3.17 Å. 

 
 

 
Figure 25: 1° GI-XRD of the same tungsten film as in Figure 24. WC (black) 

originates from the substrate. α-W (red) is the film phase. 
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The phase content was measured on CC samples by XRD using the 2θ 
range 30–90° with a step-length of 0.05° and a step time of 3 s. Four phases 
were identified, where WC, Co and TaC belong to the substrate while the re-
maining fourth pattern fits well with a pure W-film using PDF-004-0806 as a 
reference. As for the 1° GI-XRD measurement, the Co and TaC phases were 
not detected due to the thickness of the film and their small phase content. 

 
The fitting of XRD data was performed in the TOPAS software by Bruker. 

The cell parameter of the tungsten film phase was refined to a = 3.17 Å, very 
close to that of the reference, a = 3.16 Å. 

From comparing the intensities of each reflexion to the powder XRD ref-
erence, it was concluded that there was a (1 0 0) texture in this sample. 

 
XPS analysis on the Si(100) samples was performed by first making a sur-

vey scan in the binding energy range 0–1405 eV using a 224 eV pass energy 
and steps of 0.8 eV. Then a high resolution sputtering profile was made using 
4 kV Ar bombardment over a 1x1 mm2 area for 10 minutes, interrupted in the 
process by measurement of the W4f, C1s, N1s, O1s, F1s and Si2p peaks. 
Lastly, a second survey was performed as done previously to identify any 
other newly appearing bulk peaks. The high resolution scans of the W4f7/2, 
W4f5/2 and W5p3/2 peaks for different sputtering times are shown in Figure 26. 
The compositions at different depths were calculated and are shown in Figure 
27.  
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Figure 26:  The W4f7/2 (~33.5 eV), W4f5/2 (~31.5 eV) and W5p3/2 (~37 eV) peaks 

acquired during the XPS depth profile of the W deposition. Seen are spectra from 
the unsputtered surface and after 1, 5 and 10 minutes of sputtering. 

 

 

 
Figure 27: Calculated compositional depth profile of the W deposition. The com-

position is a pure W coating. The signals from F, O, N, C and Si were just as noise 
in the spectra. 
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The initial survey suggested that very low concentrations of F, O, N and C 
were possibly present in the film. Apart from the strong W4f-signal, the other 
signals were very weak and acquisition times were extended by 20 times for 
F, O, N, C and Si to increase the signal-to-noise ratio. Using MultiPak, the 
data were analysed, and the concentrations of the elements were calculated. 
This showed that a W-film had been deposited and that potential F, O, C, N 
and Si contaminations were within the noise level and not determinable. 

This shows that no silicide phase was present in the bulk of the film. 
In the survey spectra acquired after sputtering an O1s peak was observed. 

This peak was to a large extent reduced from the more carefully performed 
depth profile. 

 
One further experiment using a long quartz rod was performed later to eval-

uate the extent of the deposition zone. This experiment concluded that the 
deposition zone was limited to a few decimetres. Also, a great deal of material 
was deposited upstream on the graphite and Inconel surfaces around the entry 
point for the precursors. This directly confirms that this a mass transport con-
trolled process. 

 
With these observations it was concluded that that the Muspel system is 

suitable for depositing high-purity tungsten films as supported by the XPS and 
XRD data. Later modifications replacing the current mixing system with the 
showerhead design will most likely enhance the mixing of the precursors 
while the deposition zone will be extended and moved further downstream. 
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4.1.2 CVD of tungsten nitride, β-W2N 
Tungsten nitride films can be produced using either N2 or NH3 as the nitro-

gen precursor. H2 or sometimes SiH4 are further added to aid the reduction of 
the WF6 precursor, similar to the CVD-W process. [38] The overall reaction 
when using nitrogen is: 
2	������ + 	3	:$��� + 	3/2	#$��� → �$:�&� +	:$��� + 12	#���� 
 
Or when using ammonia [28]: 
 
4	������ + 	6	:#;��� + 3#$��� → 2	�$:�&� + 	24	#���� + 2	:$	 
 
When using WF6 and NH3, homogeneous reactions must be suppressed 

since solid adducts can form, such as WF6·NH3, NH4F and NH4HF2. [38] This 
is usually effectuated by introducing WF6 and NH3 separately close to the sub-
strate in the heated deposition zone. 

 
Cubic tungsten nitride of the β-W2N type was deposited on Si(100) and CC 

substrates at 515°C and 1 Torr total pressure. The total mass flow was 500 
sccm with the sample holder in compound configuration (see Figure 52 in 
Appendix B) which set the linear flow velocity to 1250 cm/min. A 6 sccm 
WF6 flow diluted with 60 sccm Ar, 30 sccm NH3 diluted in 374 sccm Ar and 
30 sccm H2 were separately fed into the system during 22 minutes.  

 
A cross-section of the film can be seen in Figure 28 and a top-surface image 

is shown in Figure 29.  
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Figure 28: Unpolished fracture surface of WxN deposited on Si(100). Film thick-
ness is ~1µm. 

Figure 29: Surface view of WxN deposited on the same Si(100) as in Figure 28. 
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Figure 29 shows the morphology of the WxN coating on Si(100). The top 
surface had well defined top facets with grain sizes in the range 50–200 nm. 
The thickness of the film was roughly 1 µm yielding a growth rate of 
~45 nm/min. 

 In comparison with the W film the substrate interface seems to be less 
etched which may indicate that another growth mechanism is in play. The 
amount of hydrogen in the gas phase has been severely reduced (dropped from 
120 to 30 sccm) and NH3 has been added for this deposition. 

 
XRD of the coating on CC are seen in Figure 30 and Figure 31. 
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Figure 30: θ-2θ XRD scan of the WxN-film (green) on cemented carbide. Sub-

strate phases (WC, Co and TaC) are presented in black. The lattice parameter of the 
WN-film phase was refined to a=4.18 Å. 

 

 
 

 
Figure 31: 1° GI-XRD of the WxN-film. WC (black) originates from the substrate. 

β-W2N (green) is the film phase. The background was subtracted from the data but is 
presented as a dotted black line. 
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XRD of the film on CC revealed the previously identified substrate phases 

(WC, Co, TaC) and a fourth phase fitting a cubic WxN-type phase. Using 
PDF 025-1257 as reference, the film peaks fit a cubic β-W2N phase 
(a=4.126 Å) with a cell parameter of 4.18 Å. This expanded cell indicates most 
likely that the phase is not pure. 

 
A weak texture toward (100) and (110) orientations can be seen when com-

pared with the powder reference. 
 
The XPS analysis of the Si(100) sample was performed in the same manner 
as for the previously shown W film. The high resolution depth profile in 
Figure 32 is showing the N1s and W4f7/2 and W4f5/2 peaks at different times. 
The composition of the depth profile is shown in Figure 33. 
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Figure 32: (Left) N1s peak, (Right) W4f7/2, W4f5/2 and W5p feature peaks acquired 
during the XPS depth profile of the WN deposition, presented for the unsputtered sur-
face and after 1, 5 and 10 minutes of sputtering.  

Figure 33: Calculated compositional depth profile of the WN deposition. The 
atomic concentrations were 67% W, 30% N and 3% F. No O, C and Si signals were 
detected in the bulk of the deposition. 

W4f N1s 
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Except for the W4f and N1s signals, the other signals were also very weak 
and acquisition times were extended by 20 times for F1s, O1s, C1s, and Si2p 
to increase the signal-to-noise ratio. It was concluded that a WN-film had been 
deposited with a composition corresponding roughly to the W2N phase. Some 
preferential sputtering was suspected to occur at these energies which would 
lower the intensity for the lighter elements. However, repeating the analysis 
with 1 kV and 0.2 kV had a marginal effect on the composition. 

 
No O, C or Si measurable concentrations were noted but F appeared to be 

present at a level of ~2–3 %at. The atomic concentrations were determined to 
67% at W, 30 % at N and 3% at F. 

 
It is believed that the fluorine atoms are present as interstitials or substitu-

tions for N and that this low concentration fits within a solubility gap of the 
WxN phase. This is in agreement with the XRD data that show a cell expansion 
and not any phase transition or additional phase. Further investigation of this 
is needed. 

 
In summary it was concluded that this coating was a β-W2N film with a 

trace amount of dissolved fluorine. Muspel handles these films well and with 
further optimisation of the process parameters the fluoride contaminations are 
expected to be reduced. The possible site preference of the contaminations 
within the structure is still unknown but could be tied to the unit-cell increase. 
Further analysis using either TEM or synchrotron XRD can possibly give a 
more conclusive explanation to the cell size increase.  
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A few experiments were produced to investigate the growth behaviour de-
pendence in relation to NH3 and H2. Cubic tungsten nitride of the β-W2N type 
was deposited on polished CC at 515°C and 5 Torr with a total mass flow of 
420 sccm. The estimated flow velocity was 120 cm/min using the single sam-
ple holder configuration (see Figure 51 in Appendix B). A 6 sccm WF6 flow, 
diluted with 60 sccm Ar, was kept constant along with NH3 and H2 which were 
set according to Table 2 below (Samples A–F). Ar was used as a mass-flow 
balance. The deposition time was kept constant at 30 minutes. These deposi-
tions are seen in Figure 34. 

 
Two further depositions, samples G and H, were performed on polished CC 

substrates at two different temperatures, 417 and 614°C. The other deposition 
parameters were kept the same Sample A and can be seen in Table 2. The 
deposition times were kept constant at 30 minutes. Samples G, A and H are 
shown in Figure 35 for comparision.  
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Table 2: The experiment matrix carried out at 5 Torr with a linear flow velocity 
120 cm/min. NH3 and H2 flow rates and temperature was varied. 

Sample T 

[°C] 

WF6 

[sccm] 

Ar 

[sccm] 

Ar 

[sccm] 

NH3 

[sccm] 

H2 

[sccm] 

A 515 6 60 234 60 60 
B 515 6 60 264 60 30 
C 515 6 60 264 30 60 
D 515 6 60 204 90 60 
E 515 6 60 204 60 90 
F 515 6 60 174 90 90 
G 614 6 60 234 60 60 
H 417 6 60 234 60 60 
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Figure 34: Six depositions of WN deposited at 1 Torr total pressure and 515°C. Depo-
sitions performed with varying NH3 and H2 partial pressures. (top-left) Sample A; (top-
right) Sample B; (middle-left) Sample; (middle-right) Sample D; (bottom-left) Sample E; 
(bottom-right) Sample F. 

(A) (B) 

(C) (D) 

(E) (F) 



 69

 
The depositions performed where the partial pressures were varied revealed 

that the grain size was influenced by the partial pressure of both NH3 and H2. 
On increasing the NH3 flow from 30 to 90 sccm (samples C � A � D) re-
duced the grain size at 60 sccm H2 flow from ridge-like grains of ~100 nm 
length to ~60 nm spherical grains of ~20 nm in size. On increasing the H2 flow 
from 30 to 90 sccm (samples B � A � E) initially seemed to increase the 
maximum grain size, at a fixed 60 sccm NH3 flow. A further increase of flow 
apparently shifted the distribution back towards smaller grains with less fre-
quent larger grains. On increasing both H2 and NH3 to 90 sccm (sample F), a 
very thin, fine-grained coating formed. 

The influence of H2 and NH3 on the growth is most likely due to mass 
transport control. After these experiments were carried out, further experi-
ments were made using long silica glass rods as substrates at similar deposi-
tion conditions (not shown here). This contrivance revealed a limited deposi-
tion zone, a direct confirmation that mass transport was the dominating type 
of control. If surface kinetic control had ruled, the entire substrate and the 
heated, downstream part of the reactor would have become more uniformly 
coated. For further introduction of reducing H2 and/or NH3, the rate of reaction 
is expected to increase, and the deposition zone to be concentrated further up-
stream, closer to the gas inlet. This deduction is based on the rate expression 
of WF6 with H2, r=pH2

½*pWF6
0. [36] No previously reported reaction order for 

NH3 with WF6 within this range was found, but it is expected to be similar. 
The gas phase would be depleted and only a thinner film be deposited at the 
same substrate position. This would affect not only coating thickness but also 
grain size. 

The decrease of grain size on increasing NH3 partial pressure could also be 
explained by a situation where NH3 possibly is aiding the formation of nuclei 
either directly or via subspecies formed through homogeneous gas phase re-
actions (NH2 and NH). An increase of the partial pressure would then also 
enhance the fractional coverage of NH3-species on the surface, allowing a 
larger number of nuclei to form. If these small nuclei are stable, growth would 
be more restricted in the in-plane direction and size would be kept small, as 
thin columns. If they were more unstable they would decompose and thus fa-
vour larger grains. The top surface images cannot discriminate between these 
two alternatives. 

Under this assumption as to the role of NH3, adding more H2 to a mixture 
of NH3 would inhibit the decomposition of NH3 into subspecies as the equi-
librium below will be shifted towards the right hand side. 
  	

2:#; ⇌ 2:#= + �3 − ?�#$, @ℎBCB	? = 0, 1	EC	2 
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This could possibly explain why the size distribution shifted towards a 
more fine-grained coating. The growth rate was impeded by the lack of reac-
tive NH3 subspecies. 

The difference between samples A (30 sccm H2) and B (60 sccm H2) could 
theoretically be explained from analogous reasoning in regard to WF6 subspe-
cies. As the amount of H2 increases, the equilibrium below is shifted towards 
the right.   

 
2��� + #$ ⇌ 2��F + 2#� 

 
Thermodynamical calculations performed using the EkviCalc program [39] 

indicated that WF5 be the most dominant subspecies in the gas phase under 
these conditions. 

While these explanations are possible, more experimental work and possi-
bly simulations need to be done to arrive at a well-founded conclusion. 

 
In the short study of the temperature dependence, samples (A,G,H) were 

deposited at 614°C (G), 515°C (A) or 417°C (H). The images from the tem-
perature experiments are shown in Figure 35 below. 

 

 

Figure 35: Three WN coatings on CC deposited at different temperatures, 
(top-left) sample G at 614°C, (top-right) sample A at 515°C, (bottom) sample H 
at 417°C. 

(G) (A) 

(H) 
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From Figure 35, the appearance of sample H at 417°C stands out as “glass-
like” when the cross section was observed in SEM, indicating an amorphous 
phase. This state was also confirmed by XRD. As deposited at increasing tem-
peratures, samples A and G at 515°C and 614°C, respectively, were crystalline 
with the grain size decreasing. This observation could have several explana-
tions. 

It was confirmed that the deposition was a mass transport controlled pro-
cess at these temperatures. Increasing the temperature would only lower the 
growth rate because of depletion as more material would be deposited closer 
to the gas inlet. Depletion of the gas phase will change the nucleation and 
growth behaviour. Given that scratches from the polishing step are clearly 
more visible in sample G, indicating that the coating is very thin, this is as-
sumed to be the case. Still, small grains are visible which is not the case for 
sample H. 

Higher temperature normally implies a higher nucleation density. A denser 
arrangement of nuclei would restrict spatial growth to narrow, columnar crys-
tals. If the energy and precursor concentration are sufficient for continuous 
nucleation, but not for sufficient Ostwald ripening over this time-scale, larger 
crystallites could be overgrown by new nuclei which would then also help 
keeping the observed size small when viewed from above. 

At lower temperatures surface mobility is restricted and crystallisation and 
full reduction of the tungsten precursor may be hampered. Further analysis 
using XPS should determine the amount of fluorine present and possibly the 
oxidation state of the deposited tungsten in these films. 

 
As a conclusion, the WxN process seems to be stable at 400–600°C with a 

transition between amorphous and crystalline phase in the 400–500°C range. 
Due to mass transport control it was hard to evaluate the kinetics of the 
WF6–NH3–H2 system in the current reactor setup. The influence by H2 and 
NH3 was unclear due to gas phase depletion between the gas inlet at the gas 
mixer and the sample holder position. 

In the close future, a new gas mixing system will be installed which will 
shorten the range over which mixing in the reactor will occur. This will allow 
the sample holder to be positioned closer to the gas inlet where the gas com-
position will be more stable. 
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4.1.3 Multilayers of W/WxN 
Multilayered structures on Si(100) were also made in order to demonstrate 

the flexibility of the automated CVD equipment. As an example, a coating of 
α-W/β-W2N/α-W/β-W2N/α-W/β-W2N deposited on Si(100), using the depo-
sition parameters from the previously shown W and WN films. The deposition 
times for the W and WN layers were 20 and 5 minutes, respectively. 

  
A cross section SEM image of this coating is shown in Figure 37 below, 

with bright W layers and darker WxN layers. An EDS line scan was performed 
across the coating, seen in Figure 36. XRD of the multi-layered structure is 
found in Figure 39 and Figure 38.  
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Figure 37: A cross section of a multilayered W/WN coating on Si(111). Thickness 
of initial W (bright) layer is ~1900 nm while other W (bright) layers are ~1000nm, 
WN (dark) is ~300nm. 

Figure 36: EDS line scan of a cross section of a W/WN multilayer. The substrate 
is located to the left in the image. 
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The fracture cross section shows similar features as the individual films 
shown earlier. The W layers were coarse grained while the WN layer was 
more finely grained. The uniformity in thickness is good for the individual 
WN layers as well as the top two W layers. The initial W layer was thicker 
due to the presence of reducing Si in the substrate. The added reaction path 
where Si can be oxidised etches the substrate and the rate of growth will ini-
tially be higher until a protective film is formed.  

 
An EDS line scan over the cross section was performed to get a rough es-

timate of the coating composition and phase distribution. The EDS line scan 
shows that there were six layers in the coating, three tungsten layers and three 
tungsten nitride layers present on top if the silicon substrate. The deposition 
parameters were the same as those used in the previously shown α-W and β-
W2N coatings and their individual composition is therefore assumed to be the 
same. These data suggest that the stoichiometry of the WN phase is 1:1. How-
ever, the EDS signal is very inaccurate for light elements, while XPS data are 
more reliable. Therefore, only EDS was used for identifying the location of 
the WN phase. 

 
In the line scan some Si in the 3–5 µm range is also indicated, which is 

unlikely. It is most likely an artefact emanating from the fact that overlap of 
the W and Si peak positions in EDS is significant. The software program is 
most likely misinterpreting effects to the peak from different grains as contri-
butions from both elements. 
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Figure 39: θ-2θ XRD scan of the W/WN multilayer on Si(100). Fitted lattice pa-
rameters are: α-W (red) a=3.16 Å, β-W2N (green) a=4.17 Å. Small amounts of β-W 
(blue) were also present. Si not observed due to the coatings thickness. 

Figure 38: 1° GI-XRD of the W/WN multilayer. α-W (red) and β-W2N (green) is 
present at the surface level. A small amount of β-W (blue) was also present. 
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From the XRD data two main phases were identified, α-W and β-W2N. 
The initial W layer is thicker since it has slightly different growth condi-

tions being deposited on Si(100) while the other two layers were grown on top 
of the β–W2N phase. With Si exposed to the gas phase, Si can reduce WF6 
until an intact W layer has formed, in a self-limiting process. This initial reac-
tion acts as a faster, alternative reaction path than reduction using only H2. 

 
Diffraction peaks corresponding to β-W were observed as well. Although 

β-W is not thermodynamically stable, this metastable phase can form under 
certain conditions. Annealing at 500°C initiates its transition into the stable α-
W phase. 

 
In conclusion, the Muspel system can accurately reproduce layered struc-

tures with good thickness control. Currently, the focus on multi-layered struc-
tures is to acquire stable processes so that thinner structures may be deposited 
for future work. The current W2N process is very stable and can reproduce 50 
nm layers. However, more work is needed for the tungsten process to achieve 
the same thickness control. 
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4.2 Thin films based on titanium 
Extensive research and development of CVD of hard thin films based on 

titanium has been performed since the 1970s. Especially, the cutting tool in-
dustry relies heavily on TiN, TiC and Ti(C,N) coatings for their good tribo-
logical performance and good adhesion to the CC substrate. The electronics 
industry uses the nitride as diffusion barriers. It’s also very common to see 
TiN as a decorative coating because of its golden colour. In this section some 
of the basic chemistries of the TiC and TiN materials systems are presented. 
A conceptual TiN coating made in Muspel will be shown. 

4.2.1 CVD of titanium carbide, TiC 
TiC can be produced from using either CH4 or or any other carbon source. 

The use of CH4 demands a high temperature process in the range 900–1100°C 
because of the stability of CH4. Deposition temperatures lie within in the range 
of for thermal CVD. 

 
	G8������ +		�#���� → G8��&� + 	4	#�����																			(7,40* 

4.2.2 CVD of titanium carbonitride, Ti(C,N) 
CVD depositions of TiCxN1-x, commonly described as Ti(C,N) depositions, 

can be produced using a combination of N2/NH3 and CH4/C2H4. The N2/CH4 
reaction occurs at ~1000°C: 

 
G8��� + ?	�#� +½�1 − ?�:$ + 2�1 + ?�#$ → G8�=:0I= + 4	#��								(8* 

 
Carbonitrides has been produced industrially using acetonitrile as a com-

bined carbon-nitrogen source. The total reaction is described as: 
 
3G8��� 	+ 	�#;�:	 + 	4½#$ 	→ 3	G8J�=:KL + 12#��									(40* 

 
This reaction is carried out at low pressure in a temperature span of 700–

900°C due to the higher reactivity of acetonitrile compared with CH4. 
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4.2.3 CVD of titanium nitride 
CVD of TiN using TiCl4 and N2 is performed at T > 900°C. This high tem-

perature is mainly needed for breaking the N≡N-bond. Lower deposition tem-
peratures in the range 450–850°C can be used when using NH3, although chlo-
ride impurities may increase with lower temperatures. Typical overall reac-
tions are shown below when using N2 or NH3 as nitrogen precursors. 

 
2	G8������ +	:$��� + 	4	#$��� → 2	G8:�&� + 8	#�����								(6,40* 

 
6	G8������ + 	8	:#;��� → 6	G8:�&� +	:$��� + 24	#�����				(1,9* 

 
2	G8������ + 	2	:#;��� → 2	G8:�&� + 	8	#�����																							(1,9* 

 
Colour variations depend on the nitrogen content [41]. Nitrogen-rich coat-

ings tend to turn reddish-brown while nitrogen-poor coatings turn towards a 
golden yellow. The presence of other elements also influence the colour, such 
as oxygen. In some of the coatings produced when using the 1152C MFC the 
colour turned more towards purple. This colour deviation occurred for depo-
sitions at 600 and 700°C using NH3.  

 
In order to further demonstrate the new CVD equipment a TiN coating was 

deposited at 613°C and 1 Torr total pressure. A 5 sccm TiCl4 flow diluted with 
100 sccm Ar, 85 sccm NH3 diluted with 89 sccm N2 and 500 sccm Ar as well 
as a bulk flow of 500 sccm H2 were fed into the system for 60 minutes. 

 
Two cross sectional SEM images of the TiN coating are shown in Figure 

40 and Figure 41 and one top surface SEM image in Figure 42. 
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Figure 40: TiN grown on CC. Thickness ~4µm. 

Figure 41: Close up of the top part of the previous TiN coating. 
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Figure 42: Top surface image of TiN on top of CC. 

 
The TiN coating was roughly 4 µm thick at a growth rate of ~67 nm/min 

with a reddish-purple tint. It has narrow, columnar crystals, typical for a ki-
netically controlled process, but this has to be confirmed later in a kinetic 
study. This coating is also heavily dominated by a (100) texture in the out-of-
plane direction as seen by the square pyramidal crystal arrangement with four-
fold symmetry. 

 
XRD data are presented in Figure 43 and Figure 44. 
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Diffraction of the coating shows a TiN phase, fitted to a=4.22 Å, along with 
the expected substrate phases. This cell seems slightly smaller than the refer-
ence, PDF 038-1420, at a=4.24 Å, reflecting composition. 

Figure 44: 1° GI-XRD of the TiN coating (orange). Some weak peaks that corre-
spond to the substrate (WC) were observed (black). Background was subtracted and 
is plotted in dotted black. 

Figure 43: θ-2θ XRD scan of the TiN (orange) coating on CC. WC, Co and TaC 
patterns are substrate phases (black). Refined lattice parameter is a=4.22Å. 
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Analysis by XPS on the sample revealed the overall concentration to be 
around 48 %AtTi, 44 %AtN and 8 %AtO as seen in Figure 45.  

 
 The individual peaks indicated that the expected doublet of Ti2p was com-

prised of several Ti contributions. The result of fitting the doublets for Ti 
(454.1 eV, 460.27 eV) [42], TiO2 (458.2 eV, 463.9 eV) [42] and TiN (454.9 
eV, 460.8 eV) [42] and two peaks simulating the shake-up features of TiN at 
(454.9 and 460.8) [42] is seen in Figure 46.  

 
These contributions can explain the measurement intensities and indicate 

that impurities are present in the bulk of the coating. 

Figure 46: Fittings of Ti, TiN and TiO2 to the Ti2p peaks.  
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Figure 45: Calculated compositional depth profile of the TiN deposition. The 
atomic concentrations were 48% Ti, 44% N and 8% O. Trace amount of Cl were 
present. No C was detected in the bulk of the deposition.   
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The O peak was broad (not shown) indicating that not only O-Ti bonds 
were present but perhaps also O-N. It is possible that titanium oxides and/or 
titanium oxynitrides have formed which could alter the colour slightly. This 
has to be analysed further. 

A Cl peak at ~200 eV is also present although weak.   
 
Some research into partially reduced TiO2 possibly points toward the ex-

istence of a blue sub-oxide, TiO2-x, caused by Ti3+ or oxygen vacancies. [43] 
If such a phase co-exists in the otherwise reddish coating, the colour might 
then turn toward more purple. 

TiCl3(s) is also a purple compound. This compound is not stable in air and 
over time it is expected to convert into TiO2. The colour has persisted however 
and if this phase does exist within the coating it is probably not easily accessed 
by oxygen in the air. 

 
It is concluded that a film dominated by the TiN phase had been deposited. 

Impurities in the coating at ~10 %at were present although did not seem to 
promote the formation of new phases to a detectable degree. The oxygen con-
tamination seems to originate from the TiCl4 source as this level of oxygen is 
not present in any of the tungsten-based coatings. A thorough investigation of 
the origin of this leak is proceeding and is expected to be eliminated in the 
future.  
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5. Conclusions and future work 

The CVD-system has been revised in steps during the development and 
construction as new issues have arisen and been addressed. The result is a 
system which can automate the handling of temperature, pressure and gas 
flows with good repeatability.  

The formation of AlF3 initially found on the samples was suppressed by 
introducing a graphite inner tube to isolate the substrates from the reactor 
walls. However, the insertion of graphite bulk material generated a virtual leak 
to the system, and it was necessary to increase some baking time prior to dep-
osition. During this time, any trapped gas within the graphite should vanish. 
During loading and unloading of the samples, prior to opening the loading 
flange, the reactor was set to rest in Ar at 600 Torr to fill the graphite pores to 
slow down the air diffusion into the graphite. While open, the reactor was also 
set to a high Ar flow to help prevent air pollution while working. 

The simple mixing system using Inconel tubes with orifices to the side and 
at the end cap was capable of delivering separate gases and mixing them in 
the chamber. The drawback of this design was, however, that the gaseous mix-
ture would deposit the majority of the material prior to the desired deposition 
zone. This made studying the influence of the process parameters difficult, 
and a redesign using a downstream-facing showerhead design is planned to be 
implemented in the future. 

This system is adapted especially for fluoride chemistry and can handle 
both the WF6 and TiCl4 chemistries. A pure α-W coating without any high 
level of contaminants was produced, as determined by XRD and XPS. Two 
other nitride coatings (β-W2N and TiN) were deposited but need further opti-
misation to reduce contaminants, and to control crystallinity and crystal size. 

Initial investigations of WN depositions at 500°C and 5 Torr total pressure 
revealed mass transport restrictions in the system. This caused an effective 
reduction of the growth rate with increased temperature as well as increased 
H2 and NH3 partial pressures due to more material being deposited closer to 
the inlet. At lower temperature there was a phase transition to an amorphous 
WN phase. 

Future work will focus on the nucleation, growth and kinetics of CVD-WN 
and CVD-WC phases and utilise these findings in preparing multilayer struc-
tures and to determine their properties. Multicomponent coatings with co-de-
posited WN/TiN phases will be investigated as well as ternary compound 
phases such as WxTi1-xN. 
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Appendix A 

The dimensions of the sample holder, graphite inner tubes, Inconel tubes 
and their support as well as the inlet flange are here given in detail. Units are 
in mm. 

A1. Sample holder 
Shown below is the sample holder in Figure 47–Figure 50. The single and 

compound versions of the holder are shown in Figure 51 and Figure 52. 
 

 
Figure 47: Rear view of the sample holder. Units are in mm. 
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Figure 48: Top view of the sample holder. Units are in mm. 

 

 
Figure 49: Bottom view of the sample holder. The base acts as a mounting sup-

port in the CNC-equipment when preparing the rest of the machining operations. 
Units are in mm. 

 

 
Figure 50: Side view of the sample holder. Units are in mm. 
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Figure 51: Single sample holder 

 

 
Figure 52: Sample holder in compound configuration. 

 

A1. Graphite inner tubes 
The graphite inner tubes have a preventive purpose as to etching as well as 

and coating contaminations. The first, shorter section is placed at the inlet. 
The longer section can easily be slid in and out of the reactor via the loading 
flange when needed. The hole seen in the longer section is directed towards 
the pump and pressure regulation. The dimensions for the two sections are 
shown below. 

 
Figure 53: Graphite inner tubes in two sections.  
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A3. Inconel tubes and support 
The Inconel inner tubes keep the gases separate prior to the deposition zone. 

They are threaded and screwed into the inlet flange and sealed with a custom 
cupper gasket. The end is capped and a small 2 mm orifice is drilled to create 
a choke. Six additional holes were drilled at the side for further gas delivery 
to the main deposition chamber. 

Table 3: Inconel tube dimensions. Used for gas separation. 

ØO [mm] ØI [mm] L [mm] 

8 4 640 
Hole Distance from end [mm] ØHole [mm] 

1 In cap 2 
2 3 3 
3 9 3 
4 15 3 
5 22 5 
6 30 5 
7 38 5 

 
The tubes are held in place using a graphite support shown in Figure 54. 

The specifications are shown here in mm. 
 

 
Figure 54: The support for the Inconel inner tubes. Units are in [mm]. 
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Appendix B 

This section contains values acquired during reactor characterisation.  
 

B1. Reactor profile data 
Table 4: Measured internal temperatures at different positions in the furnace 

where the positive direction is downstream. Measurements were performed at differ-
ent external temperatures (same SP for all three zones). Flow conditions were 500 
sccm Ar at 5 Torr. 

  Temperature [°C] 

Reactor 
coordinate 

[cm] 

500 600 1000 
500 600 1000 
500 600 1000 

-30.0 507.0 611.2 1007.6 

-25.0 508.9 610.7 1003.8 

-20.0 510.3 610.4 1002.4 

-10.0 514.4 612.1 1003.8 

-7.0 515.0 612.5 1004.1 

-2.6 515.5 612.8 1005.0 

-1.3 515.5 612.9 1005.0 

0.0 515.5 612.8 1005.1 

1.3 515.6 613.1 1005.0 

2.6 515.6 613.1 1004.8 

7.0 515.3 612.5 1003.8 

10.0 514.9 611.9 1003.0 

25.0 512.9 610.1 1006.0 
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Table 5: Difference in time to stability when heating reactor from 50°C up to 
T°C. Stability defined as ±1°C from set-point for the external thermocouples or 
±1C° from the temperature after reactor has been at T for a few hours. T Internal is 
the stable internal temperature at equilibrium. These are presented in Figure 6 and 
Figure 7. 

T [°C] t [min] t [min] t [min] T [°C]   

External Internal Inlet Outlet Internal ∆T 

350 57.40 1.84 2.76 368.07 18.07 

450 41.44 2.67 3.93 466.65 16.65 

500 35.34 3.84 4.93 515.51 15.51 

550 30.08 3.72 5.75 567.14 17.14 

600 24.67 4.63 6.99 616.04 16.04 

650 18.02 6.31 8.59 665.10 15.10 

700 15.07 8.59 11.62 714.18 14.18 

750 12.80 10.86 12.97 763.01 13.01 

800 11.45 13.48 15.76 812.07 12.07 

850 12.32 15.72 18.18 861.03 11.03 

900 12.71 19.03 22.14 910.00 10.00 

1000 24.66 31.31 37.14 1007.97 7.97 
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Appendix C 

C1. Surtr recipe structure 
This section describes the available recipe commands. Each command is writ-
ten on a new row with the command name in the first column. The columns 
are dedicated to certain inputs to make it more readable in a spreadsheet pro-
gram. This structure is displayed in Table 6 below. For all commands the nec-
essary inputs are described and what information should be provided. Com-
mands in brackets offer alternatives separated by commas. 

Table 6: General recipe file structure colour coded for clarity.  
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C2. Basic Commands 
Command name Parameter description. Usage. 
Init No input. Required at the start of recipe. 
[Shutdown, 
ShutOff] No input. Required at the end of a recipe. Instructs that 

the recipe loop should be terminated. 
Com String value in column 2. Description of current pro-

cess step. Visible in the interface and returned when 
email-snapshot is sent. (See Advanced commands � 
Snapshot below). 

PID [On, Off] No input. Write On or Off in command column.  
SetValves [O, X] in MF columns. Opens (O) or closes (X) the de-

sired pneumatic valves. Leave blank to keep the current 
state. 
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SetFlows Integer numbers in MF columns. Leave blank to keep 
current values. 

SetPressure Decimal value in Pressure column. Sets the pressure 
set-point to desired value.  

SetTemp Decimal values in Temperature columns. Sets the tem-
perature set-points to desired values. This does NOT 
check whether the temperature is reached. Use Heat, 
Cool or RampT to check temperature stability. 

SetStability Integer values in Temperature columns, Integer values 
in Time columns. Temperature columns describe the 
deviation from set-point that is allowed. Time columns 
represent time within allowed temperature range before 
the Heat/Cool command can proceed with the next 
step. 

SetTimeRes Integer values in Time columns. The minimum number 
of times to elapse before writing next measurement to 
file.  

[Heat, Cool] Decimal values in Temperature columns. Sets the set-
point of each zone to the desired value. The program 
does NOT proceed until the new temperatures are sta-
ble within the defined deviation limits (settable with 
SetStability or by using the interface). There is no dif-
ference between Heat and Cool, it is for the user’s ref-
erence only.  

InitHeat Decimal values in Temperature columns. Sets the set-
point of each zone to the desired value. The program 
does NOT proceed until the new temperatures are sta-
ble within the defined deviation limits (settable with 
SetStability or by using the interface). When tempera-
ture is stable, the program adds an equilibrium time, t, 
where t = (800-T)*15/100 minutes assuming that 50°C 
was starting temperature. Use this only as an initial 
heating step. 

RampT Integer values in Time columns and decimal values in 
Temperature columns. Ramps the set-point from the 
current values to the desired values over the desired 
timeframe. 

RampP Integer values in Time columns and decimal values in 
Pressure column. Ramps the set-point from the current 
values to the desired values over the desired timeframe. 

Wait Integer values in Time columns. Prevents further step-
ping until desired time has passed.  

UserWait No inputs. Prevents further stepping until user has 
pressed the “Proceed” button in the local interface.  
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Alarm Integer values in time columns. Alarm delay operation 
in current condition until a certain time of day is 
reached. This can be used to start a process at a given 
time of day, e.g. preheating the furnace at the beginning 
of the day. 

Mail String in column 2, string in column 3. Column 2 con-
tains recipients. Will as default send to surtrupp-
sala@gmail.com or previous recipients if omitted. Col-
umn 3 contains the message of the E-Mail notice. 

RcpName String in column 2. A date note will be added to the 
name. A subfolder with the name will be created at the 
specified logpath. (see below) 

RcpPath Sets the output path for the logfile.  
[LogOn, 
Log_On, 
LogStart, 
Log_Start, 
StartLog, 
Start_Log] All activate logging. 
 
[LogOff, 
Log_Off, 
LogStop, 
Log_Stop, 
StopLog, 
Stop_Log] All terminate logging. 

C3. Advanced Commands 
Cycle X Y X is A/B/C/D representing a loop cycle. Y is an integer 

value representing number of cycles. 
Loop X X is A/B/C/D corresponding to previously issued Cycle X 

Y command. Upon reaching this step, the program jumps 
back to the corresponding Cycle X Y command. This is 
done Y times as defined by the Cycle command. There can 
be up to four loops running nested inside each other. See 
examples. 

SineP Decimal value in Pressure column. Integer values in time 
columns. Absolute amplitude (+/- X [Torr]) and frequency 
([/min]) in first and second temperature column. 
Causes the pressure set-point to oscillate according to the 
entered amplitude and frequency. 
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Set PID Rcp Integer value [1–8] in Pressure column. This is the recipe 
number. 
NOTE: If the PID is active during the switching it will be 
momentarily shut off, recipe switched and then turned on 
again. This is a hardware limitation which prevents certain 
parameters to be changed while the PID is active. 

Snapshot String value in column 1. Column 1 is recipient’s email 
addresses (will as default go to previously used recipients 
if omitted). Sends an e-mail containing the current process 
step (set with the Com-command), time remaining at cur-
rent step and an array with current temperatures, pressure, 
set-points and flows. 

MailVerify No input. Process is aborted unless the Proceed button is 
pressed in the interface. The Proceed button can be ena-
bled remotely with the “<surt:GO>” being sent to the 
email server (why did you check this?) 

C4. Remote commands 
Remote commands can be sent via e-mail to the e-mail server. 
<surt:Go> Enables the Proceed button in the interface. 

(see Recipe Commands → MailVerify) 
<surt:Cancel> Disables the Proceed button in the interface. 

(see Recipe Commands → MailVerify) 
<surt:Skip> Enables the Skip button in the interface. Will 

jump to next recipe command if it is currently 
processing a wait/heat step. 

<surt:Abort> Executes emergency stop. Aborts current pro-
cess if running.  

<surt:SetTemp><X,Y,Z> Sets the temperature of inlet, deposition and out-
let zone to the desired temperatures X, Y and Z 
respectively. 

<surt:AddTime><X,Y,Z> Adds the time to the current wait step where 
X,Y,Z is Hours,Minutes,Seconds. 

<surt:SetTimeRes><X> Sets the minimum number of times to elapse be-
fore writing next measurement to file to X. 

<surt:Snapshot> Returns and e-mail containing the current pro-
cess step, remaining time and actual values of the 
logged parameters (temperature, pressure and 
flows).  

<surt:Start_Log> Starts logging remotely. 
<surt:Stop_Log> Stops logging remotely. 
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Appendix D 

In this Appendix there are example images from the LabView program. 

D1. Temperature Control loop 
The temperature control loop consists of three frames, 0–2, which read the 

value, updates set-points and makes calculations. The screenshots of each of 
these steps are shown in Figure 55, Figure 56 and Figure 57. The step in detail 
is as follows: 

0. Asks for the actual value for each unit then waits 80ms followed 
by reading and outputting the response on screen. 

1. Sends a set-point command to the furnace zones. For the remaining 
units, asks for the remote set-point value. Waits 80ms. Reads and 
displays the response on the screen. If an error has risen from the 
deposition zone an e-mail is sent to the prescribed e-mail address. 
Such an error could be caused by equipment malfunction or power 
outage.  

2. Performs the operations or calculations listed below: 
• Updates temperature plots. 
• Updates indicators representing a deviation from set-point. 
• Updates special indicator with average and standard deviation 

statistics. Used for measuring the internal temperature profile. 
• Checks if the furnace temperatures are within process limits and 

raises or resets the stability counter accordingly. 
• Reads the temperatures from the NI-CompactDAQ used for 

probing external parts of the equipment. 
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Figure 55: Temperature control loop (Frame 0). For each of the regulators a 
read-out command is sent, then it waits 80 ms, lastly the response is read. The val-
ues are written to the corresponding indicators in the interface. 

Figure 56: Temperature control loop (Frame 1). For each of first three units, a 
set-point command is sent while for each of the rest of the regulators a read-out 
command is sent (1), then waits 80 ms, then the response is read (2). The value is 
written to the corresponding indicator in the interface. A conditional structure (3) 
checks for errors from the read-out. If an error is found an e-mail is sent as a warn-
ing of possible hardware malfunction or power outage. 
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Figure 57: Temperature control loop (Frame 2). (Top frame) Updates the main 
temperature chart for the furnace overview (T_Log) and the individual charts for all 
other temperature elements. Temperatures are read from the NI-CompactDAQ. 
Temperature deviation indicators get updated. (Bottom frame) The check for stabil-
ity of the temperature in the furnace. Temperature has to remain within a certain de-
fined limit from the set-point for a set duration of time to be considered stable. 
T_TickCnt is a counter for how many consecutive loops temperature have stayed 
within the limit. T_TickLim is the duration (in loop counts) which is necessary to 
consider the furnace stable and is calculated from the current looping speed and the 
desired duration of stability, which is set to 5 min by default. 
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D2. Mass flow control loop 
The mass flow control loop moves through a stack of commands 

(Orders_F_Stack). Each command in the stack is first matched in a conditional 
structure and the command is then removed from the stack. Once the stack is 
empty it will be refilled with new incoming tasks and go through a loop once 
more. The commands and responses to and from the MKS 946 Vacuum sys-
tem controller are sent in plain text. An example of a command is 
“@254QSP1!20;FF”. This translates to “Query Set-point channel 1: SET to 
20” and the setpoint is set to 20 sccm. The response is 
“@001ACK2.00E+01;FF”, which translates into“Acknowledged! New value 
is 20”. 

Sub-functions have been created to handle setting and reading set-points, 
reading the actual value and to set the valve state (Open, closed or Set-point). 
This helps to clean up the flow in the LabView block-diagram. 

During each command, a loop iterates through all channels to update the 
values 

The example of the Mass Flow Control loop shown below in Figure 58 is 
a step where the set-point is changed for unit 1 on the three MF-control units. 
A rest of 80 ms is passed while the control unit is processing the command. 
The response of the new flow is forwarded to the display. 

 
 

 

  

Figure 58: Mass flow control loop. The “SetSetpoint” command updates all de-
vices on the six channels on each of the three MKS 946-units. Commands are sent to 
each channel in sequence but to each MKS 946-unit in parallel to save time. 



 104

D3. Pressure control loop 
The Pressure control loop works just like the Mass flow control loop but with 
some additional commands for setting and reading the PID settings. 
An example of the Pressure Control loop is seen in Figure 59 when switching 
PID recipes while the PID is turned on. 
 

D4. Atmospheric range pressure display loop 
 
This is a simple loop for querying and reading the actual value of a MKS 
PDR2000 unit (seen in Figure 60). The response is quite slow as seen from 
the long 525 ms waiting times between steps. This loop is only for monitoring 
and not for controlling and a rapid response is not necessary.  
 

Figure 60: The control loop for the atmospheric range gauge. This loop is a sim-
ple loop of query- wait- read-response without any additional functionality. 

Figure 59: Pressure control loop. The “Set PID Rcp” changes the internal PID 
recipe in the MKS 946. This can be done only if the PID is off. If it is on, this se-
quence will first turn it off, change the recipe number and then turn it back on again. 
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D5. Local user interface loop 
The local-user interface loop contains an event structure which registers the 

pushes of buttons in the interface and of certain hotkeys on the keyboard. This 
loop periodically checks if there are new events registered and acts based on 
the type of event that occurred. Two examples are shown here. In Figure 61 
the button to set all entered mass flows and to update all valve states (MFC 
and pneumatic valves) was pushed. Actions are taken to perform the command 
and the button is returned to its off-state.  

 
In Figure 62 the button to run a recipe is toggled on. This event will open 

a file dialog and process the input. If the input is valid then the recipe handler 
is activated. 

 

 

Figure 61: The Local user interface loop. This case sets all new inputs for mass 
flows, MFC and pneumatic valve states to update. 

Figure 62: The Local user interface loop. This case is triggered when the user 
clicks on the “Run Recipe” button. A file dialog box is opened and the response will 
open and run a targeted Recipe csv-file. 
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D6. Recipe control interface loop 
The Recipe control loop is initially dormant. It is activated through the Lo-

cal user interface loop which asks for a compatible recipe file (*.csv). The 
recipe file is read as a string-array into memory and the RcpRun variable is 
set to TRUE if the file is accepted which allows the Recipe control loop to 
run. The loop has an incremental pointer which keeps track of which line in 
the recipe is currently active. 

Each new line has a command name in the column utmost to the left which 
will be matched within a conditional structure. If matched, then a new rele-
vant-values recipe will be forwarded to the program. Some commands have a 
post initiation stage where a certain condition of the program is checked before 
proceeding to the next recipe line, in which case the RcpStepInitiated is tog-
gled to TRUE. Such steps are, for example, the Heat/Cool or Wait steps where 
a certain temperature needs to be reached and stabilised or when a certain time 
has been passed. Examples of the initiation and post-initiation steps of the 
“Heat” command are shown in Figure 63 and Figure 64. 

 

Figure 63: The initiation step of the Recipe “Heat” command. Values from the 
recipe array are forwarded to the temperature set-points and some variables are 
toggled to indicate that the temperature is deviating from the new value. 

Figure 64: The post-initiation step of the Recipe “Heat” command. The program 
checks if the temperature has stayed within desired limit (T_TickCnt>0) for a cer-
tain duration before proceeding (T_TickCnt>T_TickLim). 
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D7. Remote-user interface loop 
The Remote-user interface loop is checking an e-mail server periodically 

for new messages. The e-mail header subject line contains the command and 
input parameters on the form “<system:command><inputs>”. The loop first 
checks for the “<surt:” token at the beginning of the subject line. If no such 
token exists, then the message is checked for the “<hel:” token in which case 
the message is ignored as this message is valid for the sister system Hel. It is 
otherwise discarded and removed from the server. If the “<surt:”token exists, 
then the command is parsed out and matched within a conditional structure. 
The command can continue to parse out further input values should those be 
needed for that type of command. The examples below show the “SetTemp” 
command (see Figure 65) which changes the temperature set-points but does 
not check for temperature stability, and the “Abort” command (see Figure 66) 
which returns the set-points to an idle state. An e-mail message is returned to 
the sender containing a verification of the new set-points. 

 

 

  

Figure 65: The "SetTemp" command which changes the temperature set-point on 
remote command. 

Figure 66: The “Abort” command sets all MFC set-points to 0 sccm flow, closes 
the MFC valves and changes the temperature set-points to 50°C. 
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D8. Interface update loop 
The Interface update loop updates an assortment of indicators based on cal-

culations from the temperature, mass flow and pressure indicator values. 
These operations will perform the following: 

• tally up the mass flow for the different inlet channels, 
• tallies the total mass flow in the reactor, 
• estimate the linear mass-flow velocity above the substrate 
• estimate the linear mass-flow velocity behind the sample holder,  
• estimate the leak rate based on the pressure rise in the system,  
• estimate the flow rate of TiCl4 and CH3CN based on the pressure 

rise for reference, 
• estimate the consumption rate of TiCl4 and CH3CN based on the 

current flow, 
• estimate the reactor velocity based on the total mass flow and pres-

sure rise, 
• colour code the reactor depending on the current temperatures.  

 
Also this loop has a simplified timer function, called Auto-step, acting as a 

one-step recipe function. The user enters new set-point and valve states in the 
corresponding input controls but does not set them using the set buttons. In-
stead the timer will set those values when the timer runs out. 

Two e-mail functions are set up as to alert the user when either the alarm 
time is up or when the temperature is close to the temperature set-point. These 
“notice” functions can be activated through the local user interface and will 
deactivate when triggered. 

In Figure 67, the leak rate is estimated from the pressure rise of the system. 
This requires that the ball valve between the pump and reactor has been man-
ually closed, and that the collection of data has been manually reset in the local 
interface in order to yield representative data. The mass flows are tallied up 
and indicators are updated. The linear mass-flow velocities are calculated and 
given as output. From the previously calculated leak rates, estimates for pre-
cursor flow and reactor volume can be calculated. Lastly, the reactor sche-
matic on the screen is coloured according to the temperature in each furnace 
zone. 

In Figure 68, the Auto-step function and notice functions are seen. The 
consumption of precursor according to the current flow rate is estimated. 
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Figure 67: Interface update loop (Frame 0). (Top-left) Leak-rate calculations, 
(Bottom-left) Mass-flow summation, (Top-right) Precursor flow-rate estimate, (Mid-
dle-right) Reactor volume estimate, (Bottom-right) Furnace colour coding. 

Figure 68: Interface update loop (Frame 1). (Top-right) The Auto-step function, 
(Bottom-left) Timer and temperature notice functions, (Bottom-right) Precursor con-
sumption calculation. 
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D9. Data logging loop 
This loop stores data points at user-determined intervals. The loop can be 

activated or deactivated on user’s request in the local-user interface. Once the 
loop is activated, a new directory and file name are generated. This file will 
store 500 data points at which point a new file with increment is generated. 
After this is done the loop makes a time stamp to indicate when the next data 
point is to be stored. Checks are performed until that time is passed and data 
is then logged and a new time stamp is generated. 

The initiation and file creation part is shown in Figure 69. The store-to- 
disk part is shown in Figure 70. 
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Figure 69: The Data Logging loop initiation step generates a filename based on 
user input and current time. 

Figure 70: The Data logging loop is checking that the current time has passed 
the last logged time stamp plus the logging interval. 
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D10. Alarm control loop 
This loops checks for discrepancies in process temperature and pressure. The 
alarm control loop is seen in Figure 71. If the temperature exceeds 1150°C in 
any of the three furnace zones or if the pressure rises above SP+25 Torr when 
running a recipe, then an alarm message is sent and an emergency shutdown 
is triggered. 

The loop also checks a time stamp of the most recent triggers as to not 
overload the operator with spam messages and slow down the system. Action 
is taken every five minutes until operator has resolved the issue. 

 

 
Additionally, the alarm loop checks the current gas-flow rate against the 

respective set-point for certain gases. This precaution is to alert the user if 
anything is disrupting the feed to the reactor. This is seen in Figure 72. 

 

 
Figure 72: Frame where MF rate and high pressure limit is checked. 

Figure 71: Frame where temperature and pressure set-points are checked. 


