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APPLICATION OF SPUTTERING TO THE FABRICATION 
OF NEUTRON DETECTOR ANODES 

E. D. McClanahan, R. W. Moss, 
and R. Busch 

ABSTRACT 

BNWL-553 

Triode sputtering was selected for application to a fabri

cation process. The sputtering process is discussed in terms 

of the variables and techniques available to obtain desired 

product characteristics. Some problems which are encountered 

in the application of sputtering to fabrication are considered. 

An experimental project concerned with the fabrication of 

neutron detector anodes is reported as an example of the appli

cation of the sputtering process. The anodes, which consisted 

of uranium coated stainless steel cylinders, were successfully 

produced by this technique. 
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APPLICATION OF SPUTTERING TO THE FABRICATION 
OF NEUTRON DETECTOR ANODES 

E. D. McClanahan; R. W. Moss, 
and R. Rusch 

INTRODUCTION 

BNWL-553 

This report describes the development of triode sputtering 

as a fabrication process and its application to a specific 

problem. 

The rapidly increasing use of thin coatings in electronic 

and optical devices has focussed attention on vapor deposition 

processes such as evaporation, sputtering and ion plating. Of 

these, the sputtering process appeared the most flexible in 

terms of process control and the materials which could be 

handled; consequently, it was selected for development. The 

long-term goal of this work was to develop a technology of the 

sputtering process to a level where it could be used for the 

fabrication of a variety of special purpose devices. Partic

ular attention was paid to attaining higher deposition rates 

to extend the range of thickness which could be produced 

practically. 

SUMMARY AND CONCLUSIONS 

The sputtering process is discussed with particular 

attention to the triode method. The process variables are con

sidered primarly in terms of general characteristics, e.g., 

deposition rate and deposit quality, The problems encountered 

in fabricating macroscopic or 'bulk' devices are considered. 

An example of the application of sputtering to fabrication 

is given. The neutron detector anodes produced met specifi

cations for thickness, uniformity and adherence. These results 

indicate that the technology of the sputtering process has been 

developed to the point where it can be considered as a practical 

fabrication technique. 
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DISCUSSION OF THE SPUTTERING PROCESS 

The sputtering process occurs when high velocity particles 

strike a solid, Most commonly, inert gas ions are accelerated 

into the target material by an electric field. The momentum 

transferred from the incident ions results in the ejection, or 

sputtering, of surface and subsurface atoms of the target 

material. The sputtered atoms are collected on a surface usually 

referred to as the substrate. The rate of the process depends 

on the number and momentum of ions striking the target in unit 

time. 

Several variations of the process have been explored, (1) 

The simplest is the glow discharge or diode method. The cathode 

consists of the material to be sputtered, and the substrate 

either functions as the anode or is mounted on the anode. An 

inert atmosphere is maintained between the electrodes at a 

pressure of 30 to 100 mtorr. The application of a high voltage 

results in breakdown of the gas, positive ions being produced 

and accelerated toward the cathode. The ions are created by 

collisions between gas atoms and the secondary electrons 

emitted from the cathode. The diode process has several unfavor

able characteristics. To achieve high sputtering rates one can 

apply higher voltages to the cathode and/or increase the current 

density by raising the pressure. Insulator breakdown and arcing 

problems complicate the construction of the equipment and impose 
a practical limit for a given geometry. Higher gas pressures 

reduce the mean free path of the sputtered atoms, thus lowering 

their average energy. If the pressure is raised high enough, 

redeposition on the cathode and a diffuse deposition pattern 

will result, 

Higher sputtering rates are obtained in the triode sputter

ing method. In this method, a hot tungsten filament emits elec

trons which are accelerated toward the anode (Figure 1). 
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FIGURE 1. Schematic Diagram of Triode Sputtering Apparatus 
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The large electron current produces a plasma of high ion den

sity (10 to 30 mA/cm 2), Ions are accelerated into the cathode 

by a large negative potential, The sputtering rates obtained 

are of the order of 100 times that of the diode method, due to 

the high ion density, The inert gas pressure is generally in • 

the 1 to 5 mtorr range, The resulting long mean free path per-

mits the sputtered atoms to arrive at the substrate with the 

energy and direction of motion imparted at the target, This 

energy, typically 3 to 10 eV,promotes adherence to the sub-

strate, (2) Retention of the direction of motion results in 

line of sight deposition, which permits effective control of 

the coated area by masking techniques. An additional benefit 

of the low operating pressure is the consequent reduced con

centration of impurities in the atmosphere. Because of these 

advantages, the triode method has been used for most of the 

sputtering work done in the Pacific Northwest Laboratory. 

APPLICATIONS OF SPUTTERING 

The potential applications of the sputtering process 

depend, to a large extent, on the deposition rates obtained. 

For this reason, the problem of increasing the deposition rate 

has been extensively studied in this program, Attention has 

also been directed toward techniques for obtaining specified 

product characteristics such as dimensional control, compo

sition, and degree of adherence to the substrate. In special 

cases the desired properties are structure sensitive. A par

ticular crystal structure, grain size or preferred orientation 

may be specified, 

These characteristics will now be considered in terms of 

the primary variables available for their control, 

DEPOSITION RATE 

The deposition rate, R, may be written 

R = KeYi+ 
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where K is a dimensional constant, 

e IS the deposition efficiency, 

y IS the sputtering yield (atoms sputtered per incident 

ion) , 

i+ is the current density at the target surface . 

The deposition efficiency (e) is defined as the percentage 

of the sputtered atoms that strike and remain on the substrate. 

Each point on the cathode emits atoms in a cosine distribution, 

i.e., the number of atoms emitted in a particular direction is 

proportional to the cosine of the angle between this direction 

vector and the normal to the cathode surface. Thus, the depo

sition efficiency is proportional to the solid angle occupied 

by the substrate, as seen from the target. The efficiency 

depends to a smaller extent on the substrate temperature via 

the temperature dependence of the sticking coefficient. 

Each material has a sputtering yield (Y) which depends pri

marily on the mass of the ion used and its energy. A typical 

variation of yield with these parameters is shown in Figure 2. 

In general, the yield increases with atomic weight of the ion 

and with accelerating voltage. At voltages in excess of IS kV, 

a plateau occurs. Measured yields for various materials bom

barded with 600 V argon ions are presented in Table I. (3) 

The ion current density (i+) at the target surface is 

controlled by the electron emission from the filament; the 

voltage applied to the auxiliary discharge; the pressure and 

the strength of the magnetic field, if one is used. 

Thus, in an application where the material to be deposited 

and the shape of the substrate are specified, high deposition 

rates can be obtained by sputtering with high atomic weight 

ions; operating the target and the auxiliary discharge at as 

high voltages as practical; and using rugged high current 
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FIGURE 2. Typical Variation of Sputtering Yield for a Given 
Material with Ion Species and Accelerating Voltage 
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TABLE I, sputtering Yields of Various Metals for 600 V 
Argon Ions 

Atoms 
Metal Ion (I + yJiIt 

Ag 3.5 

Au 2.8 

eu 2. 7 

Pd 2.4 

Ni 1.7 

Pt 1.6 

Rh L5 

Co 1.4 

Fe 1.3 

Al 1.3 

Mo 0,9 

Ta 0.6 

Be 0,6 

* y is defined as the ratio of the seaondary eleatrons 
released by the impinging ions, to the number of 
''lmp inging ions. 

electron sources. The latter cause a high heat input to the 

system and require adequate cooling of the electrodes and 
chamber walls, In the case of materials with low sputtering 

yields, particularly those with poor thermal conductivity 

and/or low melting points, the target heat transfer char

acteristics will be the rate-limiting factor. 

It should be pointed out that the selection of the metal 

to be sputtered determines the mass transferred per unit power 

expended, and, within the limitations of heat transfer, the 

maximum rate attainable, 

Some experiments performed with copper illustrate the 

deposition rates which can be achieved in favorable cases. 
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Copper has a high sputtering yield, excellent thermal con-
-----auctivity, and a reasonably high melting point. Target surface 

current densities of 25 mA/cm 2 have been routinely achieved with 

a 2000 V accelerating potential. The rate of material removal 
2 ftom the target under these conditions is 230 mg/cm -hr. In a 

perfectly efficient apparatus with equal target and substrate 

areas, this removal rate would correspond to a deposition rate 

of 25 ~/hr. The actual rates obtained are naturally smaller 

than this. 

When high rates such as those reported above are attempted, 

the problem of arcing in the target circuit is encountered. 

Arcs may arise from dust in the sputtering chamber, inclusions 

in the metal being sputtered, and whisker formation as well as 

intermittent gas bursts from vacuum leaks or contaminated elec

trodes. Such arcs have harmful effects on deposit quality, 

e.g., the formation of pits in the deposit, localized melting 

of the sputtered metal and localized thickness variations. They 

also seriously interfere with control of the sputtering process 

since the currents involved temporarily overload and possibly 

shut down the target power supply. The plasma supply is simi
larly affected by the suddenly increased conductivity of the 
plasma. Circuitry has been developed to minimize the severity 
of arcs in order to increase deposit quality and process 

reliability. Essentially, this circuitry detects the rapid 

current rise as the arc is initiated, and shuts down the power 

supply for a few milliseconds. The low impedance path dissi

pates during this period, and normal operation resumes. Both 

the target and plasma power supplies are equipped in this 

manner and synchronized so that the plasma supply turns on 

shortly before the target supply, thus ensuring the presence 

of a plasma when the sputtering voltage is applied to the 

target. This method significantly reduced the effects of 

overcurrents and resulted in improved operation of the process. 
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PRODUCT CHARACTERISTICS 

The customer description of a product generally specifies 

the geometry, dimensional tolerances, and the materials desired 

as deposit and substrate, A minimum degree of adherence is 

usually specified, either in terms of a bond strength or of 

the ability to withstand a specified treatment such as thermal 

cyclingo The techniques used to meet these specifications 

are considered below, 

Dimensional Tolerances 

The areal dimensions of the deposit are easily controlled 

by masking techniques because of the line of sight motion of 

the sputtered atoms. The mask and all other surfaces which have 

a clear optical path to the substrate must be maintained at low 

enough temperature so that evaporation of deposited material is 

insignificanto Generally, a 'penumbra' effect, in which the 

desired area is bordered by a diffuse halo, is observed rather 

than sharp edges o Presumably, this is due to the fact that the 

target is of finite size rather than a point source. This 

effect can be minimized by placing the mask as close to the 

substrate as possible, 

The thickness dimension is controlled by the sputtering 

time since the rate is a simple function of cathode voltage 

and current density, Thickness uniformity over the entire 

substrate area is a more challenging problem. Application of 

the cosine distribution law, which has been experimentally 

verified for several geometries, permits calculation of a 

target shape to provide uniform deposit thickness on a given 

substrate, assuming a plasma with uniform ion density over the 

entire target, Several methods are available to achieve this 

uniform plasma, The stream of electrons from the filament, 

and thus the plasma, can be shaped by suitable masks between 

the filament and the anode, A magnetic field causes the 

electrons to spiral, increasing the distance travelled and, 
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thus, the probability of an ionizing collision with a gas atom. 

Since the local ion density will depend on the magnetic field 

strength, (4) a contoured magnetic field can favorably influence 

deficiencies in plasma uniformity. This process may also work 

adversely. For example, the magnetic field surrounding the 

filament may distort an otherwise satisfactory plasma, The dis

tortion may be minimized by increasing the filament-cathode 

spacing, reducing the filament current, and/or using noninduc

tively wound filaments. 

Composition 

Two considerations are important in regard to deposit 

composition-impurity pickup in the sputtering process, and 

preservation of alloy composition from cathode to deposit. 

Impurity pickup is minimized by utilizing a high vacuum sput

tering chamber, baking to remove water vapor and other gases 

adsorbed on the walls, and backfilling with research grade inert 

gas. The necessity of these precautions can be appreciated by 

noting that each atomic layer of the deposited metal is in turn 

exposed to the chamber atmosphere; in contrast to conventional 

processes such as casting, in which only a small fraction of 

the metal is exposed. 

When reactive metals are being sputtered, they quickly 

purify the atmosphere by gettering, Thus, impurity pickup in 

the deposit can be reduced by a preliminary sputtering oper

ation, using a shutter to protect the substrate. 

In addition to impurity elements in the atmosphere, the 

inert gas itself may be incorporated into the deposit. An 

inert gas atom adsorbed on the substrate may be buried by the 

sputtered metal before it has a chance to escape, The amount 

of pickup by this mechanism depends upon the sticking coeffi

cient of the gas, and thus can be greatly reduced by increas

ing the substrate temperature. The low pressure operating 

capability of the triode apparatus is beneficial in this regard. 

• 
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Sputtering has a major advantage over evaporation in the 

area of alloy deposition. When an alloy is evaporated, the 

first material deposited is rich in the more volatile component. 

The net or average composition is the same as that of the 

source, only in the unusual case where the entire source is 

evaporated. This drawback can be overcome by using two or 

more sources, with consequent process complication; or by 

determining in advance the source composition necessary to pro

duce the desired average deposit composition. The deposit 

must then be thoroughly annealed after deposition to remove 

the composition gradient in the thickness direction. This is 

only practical in cases where a single phase region exists at 

the selected composition and the deposit thickness is small. 

In the sputtering process, material is removed mechanically 

rather than thermally, and the deposit retains the target com

position, at least for single phase alloys. We have not 

experimented with mUltiphase cathodes. The deposit composition 

would presumably depend on the relative yields and exposed 

areas of the phases present, as well as their conducting or 

insulating character. 

Structure 

The major process variable affecting the structure of the 

deposit is the substrate temperature, or, more accurately, the 

homologous substrate temperature, (i.e., T substrate/T melting 

point of the metal being sputtered) on the absolute scale. At 

low homologous temperatures, extremely fine grained deposits 

are formed, X-ray diffraction indicates a small particle size 

and a high degree of lattice strain. As the substrate tem

perature is increased, the grain size increases, the lattice 

strain disappears, and the deposit approaches its equilibrium 

structure. At high temperatures, epitaxy can be achieved if 

the substrate has a similar crystal structure to the metal 

being sputtered. The temperature range over which the above 

changes take place will be raised by increases in deposition 

rate. 
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SPECIFIC APPLICATION 

As an example of the application of sputtering to the fabri

cation of devices, a project in which anodes for neutron detec

tors were made will be described. The anode consisted of a 

hollow stainless steel cylinder coated either internally or 

externally with specified thicknesses of uranium. Due to the 

small (~10 mg/cm 2) thicknesses, high sputtering rates were not 

of major importance. It was necessary, however, to accurately 

determine and reproduce the rate in order to meet the specified 

thickness tolerance. 

Several anticipated problems in this project were the 

reactivity of the uranium, the tight dimensional tolerances 

(particularly on thickness and uniformity) and adherence to the 

substrate. These problems and their solutions will be con

sidered in some detail to illustrate application of the general 

principles discussed in the last section. 

The reactivity of uranium made necessary a high purity 

sputtering atmosphere. This was attained by using an all-metal 
, -7 

vacuum system and pumping to a pressure of 10 torr or lower, 

and backfilling with research-grade krypton. It was initially 

thought that the deposited uranium would require further pro

tection from the atmosphere after removal from the apparatus. 

Therefore, the apparatus was designed to be capable of depos

iting a second coating (e.g., gold) over the uranium without 

breaking vacuum. This was done by translating the substrate 

assembly vertically to a position adjacent to the second 

sputtering cathode. The arrangement of this apparatus is shown 

in Figures 3 and 4. This approach was successful; however, the 

sputtered uranium was more resistant to oxidation than expected, 

and several anodes were made without the protective coating. 

A second problem was achieving the dimensional tolerances 

specified by the customer. These included the length, and thus 
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FIGURE 4. View of Targe t Flange Showing Lower 
Targe t , Shie ldin~ and High Voltage 
Conn ect i on. (T he second target and 

BNWL-S53 

the anode are hidden by the shielding.) 

area, of the cylindric al coating, and the thickness. The area 

specification was met by ordinary masking techniques, taking 

advantage of the long mean free path of sputtered atoms in the 

triode apparatus. 

The thickness specif ica tion was met by taking advantage 

of the fact that the sputt er i ng rate for a given material-gas 

combination varies on l y wi t h the applied voltage and current 

density. These parameter s can ea sily be controlled, and the 

average values over the per i od of an experiment can be deter

mined and reproduced in l at er exp eriments. Preliminary 

determinations of the spu t te r ing rate versus voltage and 
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current thus permitted calculation of the time to attain a 

desired deposit thickness. Reproducibility of thickness from 

run-to-run was generally within 1%. 

Uniformity of the coating thickness in the sputtering 

process depends upon a uniform ion density in the plasma over 

all points on the cathode surface. In the cylindrical geome

try required in this project, a uniform plasma was obtained by 

placing a circular filament at one end of the annulus formed 

by the target and substrate, and a doughnut-shaped anode at 

the other, Thickness uniformity of the deposit was found to 

be satisfactory, 

Sufficient adherence of the uranium to the stainless 

steel to prevent unbonding was required. The usual method of 

insuring adherence is to sputter-clean the substrate, and then 

begin deposition immediately. However, when small tolerances 

are specified on deposit thickness, it is inadvisable to 

remove much material from the substrate, since the reference 

dimension is lost, In the present project the substrate was 

sputter-cleaned and then removed from the apparatus for weigh

ing, This permitted the dimensional changes due to cleaning 

to be calculated. The substrate was reinstalled in the 

apparatus as rapidly as possible, baked under high vacuum, 

and given a second, very brief sputter cleaning. The amount 

of material removed in the second cleaning was kept below 

detectable limits, and thus did not interfere with deposit 

thickness measurements, The substrate was maintained at a 

slightly elevated temperature during deposition to promote 

diffusion across the substrate-deposit interface. This pro

cedure resulted in a satisfactory degree of adherence. A 

completed anode is shown in Figure 5. 
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FIGURE 5. Neutron Detector Anode Which 
Consists of a Hollow Stainless 
Steel Cylinder with Sputtered 
Coatings of Uranium and Gold. 
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