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be well cooled during sputtering. Evaporation of arsenic under equili

brium conditions revealed that the metal existed primarily as As in the
125 *

gas phase. Non-equilibrium evaporation of arsenic produced As as the
126 2 major gaseous product. These properties of arsenic required that the

cathode be kept cool in order that metal evaporation be kept to a minimum.

It was expected that free arsenic atoms would be sputtered initially 

from the metal surface and that aggregation would occur in the gas phase. 

Cooling of the metal was necessary to prevent aggregates of As^ and As^ 

from being evaporated along with the sputtered atoms. Aggregates evapo

rated from the cathode surface would be indistinguished from aggregates 

formed from coalescing free atoms; therefore, it was imperative that eva

poration be held to a minimum.

b. High Linear Gas Flow

The sputtered arsenic atoms must be removed rapidly from 

the neighborhood of the cathode surface and diluted with inert gas to 

lower the arsenic concentration to levels similar to those found in 

atomic absorption atomizers. Aggregation tendencies may be correlated 

to those in a flame or graphite tube atomizer only when arsenic concen

trations were similar to those found in these atomizers. Aggregation 

tendencies may not be correlated if the free atoms are allowed to remain 

in regions of high concentration for long periods of time. Such condi

tions were found in the region near the cathode surface. A 1 mm hole_was
127drilled into the base of the cathode cup where the current density, 

hence the free atom concentrations, was highest. The cathode configura

tion allowed sputtered arsenic to be removed rapidly from the neighbor

hood of the cathode surface and then diluted by expansion into the sput-
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tering cell. Table IX lists the gas flow rate data obtained using 

the arsenic filled brass cup cathode.

3. Experimental Results and Discussion

a. Effect of Primary Discharge Current on Absorption

Very little absorption was observed during the sputtering 

of arsenic in these studies. Figure 64 illustrates the absorption ob

served as the primary discharge current was increased using a constant 

sputtering cell pressure and inert gas flow. The absorption increased 

as the sputtering current increased. Increases in absorption were also 

observed in the sputtering of copper and platinum.

The observation of low absorption even at higher sputtering currents 

indicated either that arsenic did not sputter well or that it was not 

readily sputtered in the free atomic state. A noticeable black deposit 

of arsenic was rapidly formed on the inner surface of the sputtering cell 

glass standard taper joint. This rapid build up of arsenic indicated 

that arsenic sputtered well, however, the low absorption observed indi

cated that free atoms were not the preferred form of sputtered arsenic.

b. Effect of Sputtering Gas Pressure on Absorption

Figure 65 illustrates the absorption observed as arsenic

was sputtered at various gas pressures. The sputtering current was held 

constant in each case. Free atom sputtering was only observed at pres

sures below 4 torr. No atomic absorption was observed at pressures above 

4 torr suggesting that aggregation was occurring inspite of the high 

linear flows used. The weak absorption observed at lower pressures sug

gested that aggregation was also occurring at these pressures.



TABLE IX

GAS FLOW RATE DATA OBTAINED USING THE ARSENIC FILLED BRASS CUP CATHODE

Flow Rate Expanded Flow Rate
Flowmeter (cc/min at 1 atm Cell Pressure Liters/min at Cell Linear Flow

Ball Height (cm)______Input Pressure)________(torr)________ Pressure___________mm/sec

3.0 11.6 0.55 16.0 7.7 x 105
4.0 22. 3 0.98 17.3 8.3 x 10s
5.0 43.0 1.6 20.4 9.8 x 105
6.0 86.0 2.5 26.1 1.3 x 106
7.0 145.0 3.6 30.6 1.5 x 10®
8.0 176.0 4.6 29.1 1.4 x 10s
9.0 223.9 6.0 28.4 1.4 x 10®
10.0 294.0 7.0 31.9 1.5 x 10®

Linear flow calculated for gas flowing out of the 0.203 inch opening.
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A pressure range of about 1 to 3 torr was the most efficient for 

the production of free arsenic atoms in this study. The weak absorp

tion observed even within the optimum pressure range suggests that ag

gregation was also occurring in this region.

The weak absorption observed in these studies may be explained 

conveniently by considering the effect of aggregation. Two arsenic 

atoms formed a dimer, As^» on collision with each other. Spectroscopic

data have indicated that the normal ground state for this diatomic mole- 
, 128

cule is a . The bonding in As was by a triple bond. The dis-2
sociation energy of this triple bond has been calculated to be 91 kcal/ 

129
mole. Collision of a pair of these dimers resulted in a tetramer,

As , being formed. The dissociation energy of this tetra-atomic mole- 
4 130cule into two dimers has been reported as 69.6 kcal/mole. Either of 

these molecular species would not absorb selectively the 193.7 nm reso

nance line of arsenic. There was a broad absorption band which included

the 193.7 nm resonance line observed for arsenic vapor at temperatures
°  122 greater than 900 C where As and As were being formed from As. The

low plasma gas temperatures in the sputtering cell favored the produc

tion of As. if the necessary collisions were occurring. The absorption 4
indicated that these collisions were indeed occurring.

c. Effect of Primary Discharge Current on Emission

The plasma emission of the arsenic 193.7 nm resonance 

line was also monitored during these studies. The narrow spectral slit 

width (0.7 A) of the monochrometer and the absence of emission lines 

other than the resonance line in the region monitored allowed the 193.7 

nm emission only to be monitored. Table X lists the emission intensity
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Pressure
(torr)

0.55

0.9

0.98

1.6

2.1

2.5

3 . 0

TABLE X

PLASMA EMISSION AS A FUNCTION OF 
PRIMARY DISCHARGE CURRENT

Primary Discharge Emission
Current Percent Relative to Hollow

_______ (ma)______________ Cathode Lamp Emission

10 0
20 0
30 0
40 0
50 0
60 1
30 0
40 0
10 0
30 0
40 0
10 0
30 1
40 4
10 0
20 0
30 3
40 5
10 0
30 8
48 1
10 0
20 0.5
30 3.5
40 9
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TABLE X Continued 
PLASMA EMISSION AS A FUNCTION OF 

PRIMARY DISCHARGE CURRENT

Primary Discharge Emission
Pressure Current Percent Relative To Hollow
(torr)____________ (ma)______________ Cathode Lamp Emission

3.6 20 0
45 2

4.0 10 0
20 3
30 0
40 1

4.6 20 0
40 0.5

5.2 10 0
20 0
30 0
40 0

6.0 20 0.5
40 1

7.0 20 0
40 1
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p r o d u c e d  b y  t h e  p l a s m a  o n l y .  I n  a l l  b u t  t h r e e  S t u d i e s ,  t h e  e m i s s i o n  

i n t e n s i t y  i n c r e a s e d  a s  p r i m a r y  d i s c h a r g e  c u r r e n t  i n c r e a s e d .

This increase in emission was dependent upon the number of free 

atoms sputtered from the cathode surface and the number of argon ions 

present in the primary discharge plasma. The quantity of free arsenic 

atoms increased as the primary discharge current increased, a fact pre

viously established from observing the absorption increase with primary 

discharge current increase. The free atoms were swept into the sputtering 

cell by the flowing argon gas stream. These free atoms were bombarded by 

argon ions in the primary discharge plasma producing both arsenic ions 

and excited arsenic atoms. The observed 193.7 nm emission was produced 

only by these excited arsenic atoms returning to the ground state. The 

number of atoms emitting the monitored line was dependent 

upon both the number of free atoms and the number of argon ions in the 

primary discharge plasma. An increase in primary discharge current in

creased both free atoms and argon ions resulting in increased emission.

The decrease in emission observed at 48 ma sputtering current and 

2.5 torr cell pressure over that observed at the lower current was due 

to ionization instead of excitation of the free arsenic atoms. The ar

senic ions formed did not emit the 193.7 nm line which was monitored, 

therefore, the emission intensity decreased. The high current caused 

sputtering of large quantities of free atoms which coalesced as a re

sult of .the high atom concentrations found in the region near the ca

thode. The free atoms which did not aggregate were swept into the op

tical path where many were ionized by argon ions. The large primary 

discharge current produced many argon ions thus increasing the proba

bility of ionization of any free arsenic atoms.
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d. Effect of Sputtering Gas Pressure on Emission

Plasma emission was observed at high sputtering' currents 

for most gas pressures used in these studies. The emission was greatest 

over the pressure ranges 1.6 to 4 torr. There was negligible emission 

observed at pressures greater than 4 torr indicating that free atom exci

tation was absent at these pressures. This observation in conjunction 

with the lack of absorption at these higher pressures was interpreted to 

indicate that free atom formation was not favored at these pressures. 

Aggregation was observed for both copper and platinum at these pressures 

and the data implied that aggregation was also occurring for arsenic at 

these higher pressures.

e. Effect of Secondary Discharge on Absorption 

Increases in absorption were observed in a few studies

when the secondary discharge was operated. Table XI lists the studies 

where an increase in absorption was observed. The absorption increases 

were very small during the sputtering of arsenic with the greatest 

being a 1.5% increase in absorption. This change was observed during 

the study using 3.6 torr cell pressure and 45 ma sputtering current.

The error in reading the absorption values from the strip chart 

was approximately 0.5% absorption. No observable absorption above experi

mental error was observed in these studies. This lack of absorption was 

surprising in light of the absorption increases observed for copper and 

platinum with the same cell and sputtering gas. An explanation for these
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TABLE XI

STUDIES IN WHICH A SECONDARY DISCHARGE PRODUCED 
AN INCREASE IN ARSENIC ATOMIC ABSORPTION

Primary Secondary
Discharge Discharge Absorption

Cell Pressure Current Current Increase
(torr)_______________ (ma)____________ (ma)______________ %_____
0.55 60 1 + .5
0.90 No increase observed in any study
0.98 No increase observed in any study
1.6 30 42 +. 5

40 28 +1.0
2.1 No increase observed in any study
2.5 10 31 +1.0

10 43 ■ +1.0
30 . 22 +. 5
48 4 + .5

3.0 10 39 + .5
10 54 + .5
20 22 +. 5
20 38 +1.0
20 54 + .5
20 62 +1.0

• 40 7 +..5
3.6 45 33 +1.0

45 45 +1.5
4.0 20 22 +1.0
4.6 20 17 +1.0

20 33 +1.0
20 47 +. 5
40 17 +. 5
40 33 + .5
40 47 +. 5

5.2 No increase observed in any study
6.0 No increase observed in any study
7.0 No increase observed in any study
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data must be found and the following section suggests the reason that 

the absorption did not increase was due to ionization produced by the 

bombarding argon ions.

f. Effect of Secondary Discharge on Emission

These studies did not indicate that aggregates were being 

fragmented into free atoms by the secondary discharge. No appreciable 

increase in absorption of the 193.7 nm resonance line was observed; how

ever, there was a decrease in emission observed when the secondary dis

charge operated.

It was necessary to monitor the plasma emission once the primary 

discharge was established to determine when the emission became constant. 

The plasma emission would rise and then decrease slowly to some lower

value after about 2 minutes of sputtering. The time required to produce
<

a constant signal depended upon the argon flow and the sputtering current 

suggested that the observed emission was temperature dependent. The 

cool cathode was sputtering free atoms initially but began to eject ag

gregates as the cathode approached operating temperature. The emission 

produced by these excited free atoms decreased to an equilibrium value 

once the cathode reached operating temperature and a constant number of 

free atoms was ejected..

The equilibrium plasma emission was determined once the recorder 

pen stabilized. This emission was found to decrease whenever current 

passed through the secondary discharge plasma. This decrease in emission 

was interpreted to indicate that the secondary discharge ions were not 

fragmenting aggregates but ionizing the free atoms present. Ionization 

of the few free arsenic atoms in the optical path accounted for both a
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decrease in emission and a lack of an increase in absorption.. The 

arsenic ion emission lines were not monitored during these studies.

It was surprising to observe the ionization of these free arsenic 

atoms because ionization was not observed in the studies with platinum. 

The first and second ionization potential of platinum is similar to 

arsenic, yet with platinum there was a constant absorption increase 

with current when the secondary discharge plasma was operated. If 

ionization occurred in the case of platinum it was only to a minor 

extent. Ionization may have been the cause for the decrease in ab

sorption from the limiting value observed when copper was sputtered 

and large currents were passed through the secondary discharge plasma. 

Ionization was more likely with copper since its first ionization po

tential was almost 2 ev below that of arsenic. Table XII lists the 

ionization potentials for argon, arsenic, platinum, and copper. A 

singly ionized argon ion was capable of removing an electron from any 

of the metals used in these studies to produce a metal ion.

Excitation of free arsenic atoms by bombarding argon ions was 

ruled out because an excited atom would emit the 193.7 nm resonance 

line upon returning to the ground state. The intensity of this line 

did not increase when current passed through the secondary discharge 

plasma, indicating there was no increase in the number of excited ar

senic atoms. Ionization of a free arsenic atom prevents it from ab

sorbing the 193.7 nm resonance line and the ion will not emit this 

line upon returning to the ground state. Return to the excited state 

of an arsenic ion would result in the eventual emission of the moni

tored line, however, in only a few instances did the emission increase 

when the secondary discharge was operated. These increases were 1% or



TABLE XII

Element

Argon
Arsenic
Platinum
Copper

IONIZATION POTENTIALS OF SELECTED ELEMENTS USED IN THESE STUDIES

First Ionization Second Ionization Third Ionization
Potential Potential Potential

______ Electron Volts____________ Electron Volts_____________ Electron Volts

15.479 27.629 40.74
9.81 18.633 28.351
9.0 18.563 ---
7.726 20.292 36.83

Data taken from: "Inorganic Chemistry", James E. Huheey, Harper and Row, New York,
New York, pp 46-48 (1972).
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less of the hollow cathode lamp emission and were observed only at 

high secondary discharge currents when low pressure and high sput

tering currents were used.

An arsenic ion electrostatically attracted either a free arsenic 

atom or an aggregate since each was electron rich. The resulting 

molecular ion was capable of dissipating the charge over a larger 

volume, hence it was more likely to remain in the plasma without frag

menting. This molecular ion would either aggregate further or aquire 

an electron from within the plasma to produce a neutral molecule.

Either of these two possibilities would prevent the selective absorp

tion of the 193.7 nm resonance line since no free arsenic atoms were 

produced. The brilliant bluish-white plasma observed was possibly the 

emission produced when these molecular ions acquired an electron.

A secondary discharge did not fragment arsenic aggregates as it 

did in the case of copper and platinum. It was possible that the 

secondary discharge caused an increase in aggregation by first ionizing 

free arsenic atoms and small aggregates then forcing them to coalesce 

due to electrostatic attraction.
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