
Canadian Fusion Fuels
Technology Project

CA9600079

DEPOSITION OF SINGLE-LAYER AND GRADED
ALUMINUM NITRIDE COATINGS ON VANADIUM
SUBSTRATES USING ION-BEAM ASSISTED REACTIVE
EVAPORATION (ITER TASK NO. ETA-EC-BLR26)

CFFTP G-9430 (CATI-ALNCOAT-04-94)
June 1994

F. Jamarani, R. Lang, R. Owles
Cametoid Advanced Technologies Inc.

CFFTP GENERAL



The Canadian Fusion Fuels Technology Project represents part of Canada's overall effort in fusion
energy research. The focus for CFFTP is tritium technology and remote handling. The Project is funded
by the Government of Canada and Ontario Hydro Technologies. Ontario Hydro Technologies
administers the Project



DEPOSITION OF SINGLE-LAYER AND GRADED
ALUMINUM NITRIDE COATINGS ON VANADIUM
SUBSTRATES USING ION BEAM ASSISTED REACTIVE
EVAPORATION (ITER TASK NO. ETA-EC-BLR26)

CFFTP G-9430 (CATI-ALNCOAT-04-94)
June 1994

F. Jamarani, R. Lang, R. Owles
Cametoid Advanced Technologies Inc.

C-Copyright Ontario Hydro, Canada 1994.
Enquiries about Copyright and reproduction
should be addressed to:

Manager, CFFTP
2700 Lakeshore Road, West
Mississauga, Ontario L5J 1K3

CFFTP GENERAL



ACKNOWLEDGEMENT

We thank Dr. R.G. Macaulay-Newcombe of the Department of Engineering Physics,
McMaster University for his assistance with RBS analyses and Mr. R.C. de Leon ofCametoid

for the preparation of drawings of the deposition chamber.



DEPOSITION OF SINGLE-LAYER AND GRADED ALUMINUM
NITRIDE COATINGS ON VANADIUM SUBSTRATES USING ION-BEAM

ASSISTED REACTIVE EVAPORATION

1. INTRODUCTION

The objective of the project has been to develop a reactive evaporation process for the

fabrication of aluminum nitride coatings on pure vanadium substrates. The aluminum nitride

coatings are to be used as electrical insulators on the surfaces of structural materials in

contact with liquid metal coolants.

An ion beam assisted physical vapour deposition (PVD) process was proposed in which

aluminum is evaporated and deposited either by resistive heating or an electron beam source,

while the growing film is bombarded with accelerated nitrogen ions produced in an ion gun.

A basic advantage of this technique is controllability of the flux (arrival rate) and the energy

of the ion species independent of the deposition rate of aluminum. This important aspect of

ion-assisted deposition is often absent in plasma-based processes, where the voltage, current,

chamber pressure and deposition rate are all inter-dependent.

Deposition of graded coatings in which material compositions are varied across the film

thickness was also proposed to alleviate problems usually associated with the interfaces of

dissimilar materials, and also for enhanced adhesion. Graded coatings can have various

designs (composition profiles) depending on the application and performance requirements.

One such design proposed for the present application was to initially deposit a thin layer of

vanadium on pure vanadium substrates, followed by a graded zone in which Al was co-

deposited with vanadium in a controlled process from 0 to 100% concentration. Finally,

nitrogen ions could be introduced to bombard the growing film to form aluminum nitride.
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In this task, coatings were to be fabricated under a limited range of conditions, and

preliminary analysis conducted with respect to coating adhesion, thickness, and surface

morphology. This work was completed and the results are reported here. In addition,

preliminary measurement of the electrical properties and stoichiometry were made and are

also reported here.

2. TECHNICAL BACKGROUND

Thin film compounds are typically deposited by plasma-based techniques such as reactive ion

plating and reactive sputtering in which the metal species are deposited in the presence of a

background reactive gas in a glow discharge environment. In plasma-based processes the

growing film is bombarded by low energy ions during deposition. These techniques lack

control over the fundamental deposition parameters since only external variables such as gas

pressure and electrode voltages are independently controlled.

Bombardment of a growing film can also be combined with a non plasma-based deposition

technique, such as electron beam evaporation or ion beam sputtering. Such techniques are

usually referred to as ion-beam assisted deposition (IBAD). IBAD is a generic term which

refers to a situation in which a film is deposited onto a substrate while being simultaneously

irradiated with an ion beam. If the working gas in the ion source is a non reactive (inert) gas,

ion bombardment results in changes in the microstructure and morphology of the growing

film. This approach is currently being used in conjunction with a number of PVD processes

to manipulate film properties. If on the other hand, reactive ion species are employed in the

IBAD process, compound thin films can be synthesised. A number of nitrides including A1N

have been formed by this technique1"4.

It is generally understood that composition and properties of thin film compounds grown in

an IBAD process depend on the energy of the bombarding ions, and more importantly on the

ratio of the arrival rates of the ion species to those of the depositing atoms. A wide range of
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ion beam energies have been used to synthesize aluminum nitride. The values reported in the

literature range from 100 eV to 150 keV. While the very high ion beam energies are usually

employed in ion implantation processes rather than the IB AD4, low energy (100-500 eV) ion

bombardment have been demonstrated to react readily with the available aluminum atoms in

an ion beam assisted deposition process to form the A1N phase5.

In recent years, many investigators have studied the processing characteristics of compound

thin film formation by ion-beam assisted deposition. In a two-part article Harper et al6 have

looked at the synthesis of aluminum nitride coatings by dual ion beam deposition, as well as

the properties of the resulting films. In particular they have studied the ratio of the arrival

rates of N and Al and its effects on the composition of the nitride films. It has been shown

that stoichiometric A1N is formed at a value of arrival rate ratio (N/Al) close to unity, which

is confirmed by composition measurements. Variations in the Al/N concentrations measured

by Rutherford Backscattering Spectrometry (RBS) versus the arrival rate ratio of nitrogen and

aluminum particles is shown in Figure 1 (after Harper et al6). It can be seen that at arrival

rate ratio of N/A1=1 the concentration ratio of N/Al is also equal to unity. It is also noted

that any further increases in the arrival rate ratio does not change the composition ratio of the

coating.

Structure and composition of A1NX (X = 0.2 - 1.4) thin films have also been investigated by

means of x-ray diffraction and RBS as functions of nitrogen ion flux and energy7. It was

inferred that the as-deposited aluminum nitride films would have an amorphous structure

which could be crystallized by further ion bombardment after deposition. It was also shown

that post deposition ion bombardment of the sub-stoichiometric nitride (A1NO 8) coatings

resulted in crystal growth of A1N with the c-axis oriented perpendicular to the plane of the

substrate. Both reactive (O, N) and non-reactive (He, Ne) ions were used to crystallise A1NX

thin films.

The influence of the direction of incidence of nitrogen ions on the orientation of crystalline

growth has also been studied by XRD8. These studies were done on A1N films prepared by
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200-1000 eV nitrogen irradiation during aluminum vapour deposition. XRD patterns

indicated a drastic change as the angle of ion incidence, §, was changed. It has been found

that when (j) = 45° or more, no diffraction peaks are observed in the range of scattering angles

between 30°-80° (see Figure 2). However, as the angle of ion incidence is decreased from 45

to 0°, a peak with increasing intensity appears in the diffraction pattern relating to the (002)

plane of AIN crystals of hexagonal structure.

One of the main areas of interest in the use of AIN thin films is their exceptional electrical

properties. The relationship between the deposition parameters, coating microstructure, and

electrical properties of aluminum nitride thin films are reported by Hentzell et at9. It has been

found that electrical resistivity (measured by four-point probe) shows a near exponential

increase as a function of N/Al composition ratio. For composition ratio N/Al = 0.45 the

resistivity is found to be 1000 uQ-cm, while for N/Al = 0.75 and higher, the value was too

high to be measured by the four point probe.

3. FABRICATION DETAILS

A schematic diagram of the deposition chamber in its final configuration is shown in Figure

3. The vacuum deposition system is a modified optical coating system built by Metal Lux of

Milano Italy. It consists of a water cooled stainless steel bell jar evacuated by an oil

diffusion pump backed by a mechanical pump. The chamber has an interior diameter of 50

cm and a height of 55 cm. When evacuated, base pressures in the low 10"6 Torr range are

attained. The pressure in the chamber is measured by a thermocouple gauge, during initial

pump-down, and by an ionization gauge while under high vacuum, and during coating

deposition. The system was modified for the present project by installation of an ion beam

source with gas supply, a substrate holder arrangement with heaters and temperature control

components, and an electron beam evaporation source with power supply.
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Substrates for coating deposition are loaded onto a metal plate containing a 5-cm square

opening. A cross member attached to this plate permits four 2.5 cm square substrates to be

held simultaneously. This plate is then secured onto a platform above the evaporation

sources. Quartz halogen lamps attached to the platform, heat the substrates from behind to

the desired temperature. This temperature is measured by a thermocouple pressed firmly

against the back of the substrates. The thermocouple reading is fed into a temperature

controller that regulates the power to the heater lamps. In the final arrangement the platform

was tilted at an angle of about 45° from the normal to the evaporation sources to be

perpendicular to the nitrogen ion beam emanating from the ion source. A shutter is

positioned directly below the substrates to enable the sources to be heated up without

depositing material on the substrates. Coating deposition is commenced and terminated by

the opening and closing of this shutter.

A 3-cm ion beam is utilised for substrate cleaning with argon ions prior to coating deposition

and for nitrogen ion bombardment during ion-assisted reactive deposition of aluminum nitride.

The range of ion beam current attainable is influenced by the energy of the ion beam. For

beam energies of 500 volts or more, beam currents of 50 mA or more are possible. At a

beam energy of 250 volts the beam current is restricted to approximately 30 mA or less.

An electron beam evaporation source was installed in the vacuum chamber and employed for

the evaporation of aluminum. Using a liner in the source crucible, adequate deposition rates

of aluminum could be attained with sufficient quantities of material to deposit coatings over

one micrometer in thickness. Vanadium deposition is performed using a resistively heated

evaporation source.

Control of the deposition rates is achieved by using separate quartz crystal microbalances for

each material. These monitors are located above the corresponding evaporation source but off

to one side to prevent obstruction of the line-of-sight from the two sources to the substrates.

Shielding is used to prevent material from one source from depositing on the monitor

observing the other. To control the aluminum deposition, the microbalance is connected to an
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Inficon XTC deposition rate controller. This instrument determines both the rate of material

deposition and the thickness of the material coating deposited from the change in the resonant

frequency of the quartz crystal. An Inficon IC6000 is used to determine the same information

from the quartz crystal monitoring the deposition of vanadium.

A series of experimental deposition runs were initially carried out to determine the effects of

each of the processing parameters on fabrication of aluminum nitride coatings. The main

objective of these trial runs was to optimize processing conditions in such a way that

stoichiometric A1N films could be produced in an IBAC process. The most important

processing parameters were aluminum deposition rate, ion beam flux (beam current) and

energy (beam voltage), as well as the substrate temperature.

Based on the results of the trial runs, ten aluminum nitride coatings ("deliverables") were

deposited with a range of different processing conditions (Table 1). Four 1" x 1" substrates,

one of each of vanadium, aluminum, stainless steel and glass, were placed inside the substrate

holder in each deposition run. Pure vanadium substrate (Teledyne Wah Chang) was used

since this was readily available on the time frame of these tests. These specimens were

subsequently stored in Ar atmosphere and are available for further studies. In parallel,

aluminum, steel and glass specimens were coated and have been used for preliminary coating

characterization measurements.

In the first five depositions, single layer aluminum nitride films were synthesised by reactive

evaporation to a nominal thickness of 1 urn. Visual inspection of the first few coatings in

this series indicated a change in the coloration of the film across the substrate holder. This

was thought to be due to the effects of ion beam flux profile of the 3-cm source and the fact

that the beam was directed at the centre of the substrate holder. For the deposition run

ALN23 and all the following runs, the ion beam direction was moved to the centre of the

vanadium substrate to provide a more uniform beam flux on that substrate.
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A second five substrates were deposited with aluminum nitride coatings of graded designs

(Table 1). Two composition profiles were chosen for this purpose (Figure 4). In the first

design, referred to as design "A", vanadium was initially deposited at 2 A/s to a thickness of

1000 A using the resistively heated boat. At this point aluminum was introduced using the

electron beam source while deposition rate of vanadium was gradually decreased through a

linear ramp to a complete halt. Deposition of pure aluminum was then continued for another

300 A before the ion bombardment of the substrates with nitrogen ions and formation of

aluminum nitride was initiated. The thin pure aluminum layer was deposited to prevent

reaction of vanadium with nitrogen and possible formation of vanadium nitride.

In design "B", after the initial layer of pure vanadium, aluminum and vanadium were co-

deposited at constant rates of 2 A/s each to provide a homogeneous composite layer between

the substrate and the aluminum nitride coating. In this case too, a thin layer of pure

aluminum was deposited before the start of nitrogen ion bombardment. The total nominal

coating thicknesses used in both designs were 1.2 um.

4. SPECIMEN CHARACTERIZATION

Measurements of coating thickness and electrical resistivity were made on all coatings

prepared as deliverables. These measurements were made on duplicate coatings deposited on

glass substrates during each run. It was found that due to the tilting of the substrate holder,

thickness uniformity for these samples was not as good as in the earlier coatings produced

with the horizontal substrate holder. Values shown in Table 1 are averages of four readings.

The electrical resistivity of all the final coatings was higher than the range which could be

measured by the four-point probe. Values of p shown in Table 1 are simply calculated from

the maximum range on the four-point probe ohm-meter, and the measured coating thickness.

Surface morphology of coatings deposited with different processing parameters was examined

under the microscope. No abnormalities were detected on these surfaces. Films with graded
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design were found to have a smoother surface than those with single-layer design. This could

be due to the difference in the thickness of the two types of coatings. Figures 5 (a and b)

show the surface features of two coating samples ALN19 (single-layer) and ALN27 (graded),

both on aluminum substrates.

Coating samples were subjected to peel tape test to examine their adhesion. A 3M-610 tape

was used for this purpose. No adhesive or cohesive failure was observed.

The reference coatings deposited on aluminum substrates were sent to McMaster University

for Rutherford Backscattering analyses. Results showed that the coatings were close to

stoichiometric A1N (Table 2). Assuming that the coating was 100% dense A1N (3.26 g/cm3),

then the coating thickness could be inferred from the RBS measurements (Table 2).

Comparing this with the mechanically measured coating provides an indication of the coating

density. Also, for the coatings with a graded layer of V, the equivalent 100%-dense V layer

thickness is also indicated in Table 2.

One of the coatings (ALN29) was analyzed by XPS to obtain more accurate information

about the coatings chemical state. The XPS analysis was performed at two take-off angles of

30° and 90°. The work at the lower angle was done to investigate further into the nature of

the upper layers of the coatings. The XPS results confirmed the presence of stoichiometric

aluminum nitride.

4. CONCLUSIONS

The studies performed in this project have shown that thin films of aluminum nitride can be

synthesised by reactive evaporation of aluminum using an ion-assisted PVD process. A

number of major parameters affecting the structure and properties of these coatings were

identified. Most important amongst these were the angle of ion impingement, aluminum

deposition rate and the ion beam flux.

CFFTP G-9430 Page 8



An important aspect of the fabrication process which needs to be further studied is the

intrinsic stresses built up in the deposited films. The two designs used in this work were

generated based on our past experience on other types of coatings developed for different

applications. Combined with experimental results on the behaviour of these particular

coatings, Cametoid's in-house design software may be modified to model the performance

requirements of coatings for the present application and generate more appropriate coating

designs.

The specimens with AIN coating on vanadium substrate (ALN 19-29) are presently available

for ITER disposition.
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Table 1. Characteristics of Reference Specimens

Run#

ALN19

ALN20

ALN21

ALN23

ALN25

ALN24

ALN26

ALN27

ALN28

ALN29

Coating

materials

Al+N

Al+N

Al+N

Al+N

Al+N

V+Al+N

V+Al+N

V+Al+N

V+Al+N

V+Al+N

Coating

design

single layer

single layer

single layer

single layer

single layer

graded (A)

graded (A)

graded (B)

graded (B)

graded (B)

Substrat

e temp,

°C

300

300

300

300

400

300

400

300

300

400

Al

deposition

rate, A/s

2

2

2

1

2

2

2

2

2

2

N beam

voltage,

eV

500

500

250

500

500

500

500

500

500

500

N beam

current,

mA

30

40

30

30

30

30

30

30

40

30

Measured

thickness,

um

0.78

0.74

-

0.46

1.04

1.10

1.38

1.26

1.10

1.27

Resistance

(4-point

probe), Q

>90000

>90000

>90000

>90000

>90000

>90000

>90000

>90000

>90000

>90000

Electrical

resistivity,

fi-cm

>7.1

>6.7

-

>4.2

>9.4

> 10

> 12

> 11

> 10

> 12



Table 2. Characteristics of Reference Specimens - Continued

Run#

ALN19

ALN20

ALN21

ALN23

ALN25

ALN24

ALN26

ALN27

ALN28

ALN29

Coating

materials

Al+N

Al+N

Al+N

Al+N

Al+N

V+Al+N

V+Al+N

V+Al+N

V+Al+N

V+Al+N

Coating

design

single layer

single layer

single layer

single layer

single layer

graded (A)

graded (A)

graded (B)

graded (B)

graded (B)

Measured

thickness,

u.m

0.78

0.74

-

0.46

1.04

1.10

1.38

1.26

1.10

1.27

RBS thickness

(100% A1N),

fim

> 1

> 1

> 1

0.53

> 1

~ 1

>0.9

> 1

>: 1

>0.9

RBSstoich-

iometry

A'N,20±.i

" ' " 1 . 2 0 f c l

AlNU 3 t l

A 1 N1.22±.l

A1NU4± ,

A'NiMil

A1NI28±,

A1N,32±.,

A1N,.17±,

A1N,29±.,

Equivalent

V thickness,

nm

-

-

-

-

-

82

57

68

58

68
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Figure 1. N/Al composition ratio in thin deposited film vs N/Al arrival rate ratio (after
Harper et al, Ref. #6).
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Figure 2. X-ray diffraction patterns from aluminum nitride films deposited in an IBAD
process with different ion incident angles (after Ogata el al, Ref. #8)
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Figure 3. Schematic diagram of the Deposition Chamber.



(a)

(b)

Figure 4. Surface features of aluminum nitride coatings deposited on aluminum substrates
(a) with single layer design (coating # ALN19) and (b) with graded design
(coating # ALN27)
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Figure 5. Graded coating structures


