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FOREWORD

Nt By Bm

The general theme of the research supported under US ARO Grant No.
DAAG29-84-K-0126 was the investigation of process parameter-growth en-

vironment-film property relationships for sputter deposited binary oxide

o e T
-

and nitride films grown by reactive sputter deposition on unheated sub-

Ve
Eaxll

strates.

The original proposal was entitled "Low temperature film growth of

Vi
%

T T
.

the oxides of zinc, aluminum , and vanadium by reactive sputter deposi-

- -
et
-

tion” ,and was submitted for funding consideration in September 1983.

The work which was ultimately funded and begun in July 1984 was broader

Y 274

‘.. in scope in terms of discharge characterization and diagnostics than

=%

originally proposed. The work actually carried out was even broader in

.:,: ‘ terms of the investigation of four new materials systems, Al-N, W-N,

48 t‘ Au-0, and Ge~0, in addition to the original three, A1-0, 2n-0, and V-0.
::'. ‘_: Nitrides, as well as oxides, were included. .The precise reasons why

;: & a particular materials system was chosen to add are given in the Progess

Reports, written at six-month intervals throughout the duration of

4

¢

the research.
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In accordance with the suggested format, the Final Report is

-
-
e
13

& , structured as follows. Section I contains a statement of the problem
" in,_'
A

. addressed. Section II contains a description of the research highlights.

»

A .
’l: . For experimental details or for information about materials systems + For
- o 3¢
;.; not covered in Sec. II, the reader is urged to consult the publications a
( o ] 0
;'. *’u ]
.:c' ™ supported under this grant, which are listed in Sec. III. Several of lom
oyt
W
:',a' ¥ these publications are contained in the Appendices. The participating

UNBP ton/
‘;;;, scientific personnel and degrees awarded are listed in Sec. IV. 11ty Codes
:.', t,} - | jAvail and/or
’:'. o9 , , {DLat Special
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I. STATEMENT OF THE PROBLEM STUDIED
The research we undertook was the investigation of process
parmeter-growth environment-film property relationships for vari-

ous binary oxide and nitride films grown near room temperature

by reactive sputter deposition using an elemental target,

The thrust of the experimental program was three-fold and

¥

e

included:

ey

1) Film deposition

2) In situ sputtering discharge characterization

RS

3) Film characterization

7

We combined the results from these areas to determine process

&

parameter-growth environment-film property relationships for a

Kl 4
R4 A

particular materials system. We then sought to compare behavior
in different materials systems in order to determine general

trends.

AN

In the course of the study, we worked with seven materials

% S o R ST S A
=

systems: AlJ-0, V-0, Zn-0, Al-N, W-N, Au-0, and Ge-0. These

A I

systems were chosen for two reasons. 1) They contain technolog-
ically interesting materials. Understanding how to reproducibly

synthesize these materials is of practical importance. 2) Each

S bl S = oy
pAs

system was considered to be representative of a class and was

o

2,
e

4

used as a model to extend and generalize processing-growth

oos e

environment-property relationships.

The chemistry, crystallography, and microstructure of a met-

(1)
al oxide or nitride film grown by reactive sputter deposition

"t

depends upon the relative flux of metal, metal oxide/nitride, and

and oxygen/nitrogen species which arrive at the substrate, are

S OO R 2 EGRF S
AT

......... PRI SR LT L LR T
ROALES R R N (O AN



adsorbed, and are ultimately incorporated into stable nuclei
which coalesce to form a continuous film. 1In terms of events
that occur in the glow discharge or at the electrodes, the
factors which control)l film chemistry/crystallography/micro-
structure are:

1) Processes occurring at the target which affect the
balance between the rate of removal of metal atoms and the rate
of formation and removal of metal oxide/nitride molecules.

2) Plasma volume processes: collisional and radiative

processes which lead to either the oxidation/nitridation of

sputtered metal atoms, or to the dissociation of sputtered metal

oxide/nitride molecules,

...‘}lv'—..l

3) Processes at the substrate which affect the adsorption,

=

surface diffusion, bulk diffusion, and desorption of metal,

oxygen/nitrogen, and metal oxide/nitride species,

A

We sought to identify the active gas phase species

responsible for a particular type of film growth and the Jocation

-

F

of the controlling reaction(s) in which the species is engaged

(that is, at the target, in the plasma volume, at the substrate),

BN

Two process parameters were studied extensively: nominal

P

gas composition and cathode voltage. Changes in these parameters

affected large changes in discharge chemistry, discharge power,

| 35

and deposition rate, as will be discussed in relation to specific

'.“"-'

materials systems in Sec., II.

Neutral and ionic species in the plasma volume were studied

(2)
using optical) emission spectroscopy and glow discharge mass

.

spectrometry (Appendix A). A battery of analytical techniques

.
.........
.....................
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were used to characterize film crystallography, chemistry,

microstructure, optical behavior, and electrical resistivity.

e o S

We next present a summary of the most important results,

Experimental details relating to the synthesis of a particular

AL
w5

2 material or to a particular plasma reaction are contained in the

Appendices.
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1. Phase transitions in the Al-N system: Construction of a :ﬁﬁh
o,
ternary gas composition diagram (N -Ne-Ar). D
2 ’ \-‘t «I.
Son
. . . Yol
An Al target was sputtered using N -bearing discharges "kﬂ
2 \
containing Ne, Ar, and Ne+Ar mixtures, Films were deposited on s020
o
on Supersi) fused Si0 and <1l1l1l>-cut Si substrates., Their prop- %}'j
2 FNy
erties were studied, post-deposition, using x-ray diffraction, ﬁ
i
Rutherford backscattering spectroscopy, resistivity measurements, ERsd
. s e
and transmission spectrophotometry, From the results, a three- E$ﬁk
t l" )
- s . )
gas composition diagram was constructed onto which A)l-N phases :%ﬁw
. i
were mapped (Appendix B). : oy
S5
AIN has a wurtzite-type hexagonal close-packed lattice stru- §£§~
A J"N (]
cture. We found that phase transitions in the sputter deposited g:
(3) ey
Al-N system were as follows: <1lll>-texture Al -> <111> -tex- 'é
‘:ﬁ f__
ture A)(N) -> microcrystalline AIN cermet -> microcrystalline st
X :.r:(
AIJN -> multiorientation AIJN -> single basal orientation AIN. For jﬁk
'\'r'\"'
the same nominal discharge N content, the use of Ne rather than Jﬁﬁi
2 A
Ar as the rare gas component of the discharge supressed the 'qﬁj'
Sl
:\-:.‘-I‘ 3
formation of the Al, AIN -cermet, and microcrystalline AIN _$5¢
X NN
structures, and enlarged the region of rare gas/reactive gas e
composition over which basal orientation AIJN was formed. Q?‘~
+ o haO)
In situ optical emission from N and A) species in the S?ﬁ
2 I,
plasma was used to relate the transition from AJ->AIN films to .
+ o) YRS
an increase in the relative flux of N /Al 1in the plasma ﬁx&:
2 + PR
volume, as detailed in Appendix B. The increase in N in the {bﬁ;
2 TR
plasma volume in N -Ne discharges compared to N -Ar or pure N "
2 2 2

discharges (p.Bl6, Fig. 2) results from the Penning ionization

‘.

P "y "y =" R N AU N S A S PR i A q‘.;J‘_'-- R A I NN
.n'f‘.n:‘.-\'.‘)}ﬁ.m\.n:.p:‘.-}a:.a:Q.b:f.af)l'.a.'.&",.e_\.a'.'.n PR ™ et At

. Lad o < .-_:.r P

"y

N T T
R A A A R CC LT N N




p

>

X APOR)

(A

A AT AN UV N AN N A YU VU U IR WY TR UNY VLN LN UR IO '8 0%2 4%0 492 0 24 00 Bl ‘Bl P Rt Ba® 1.0 48 ‘Ba® Hal ‘§a®

-5 -

ground state N by a Ne atom in a Jow-lying metastable energy
state, Ne.m(4$§nning ionization of N20 b¥5?rm is energitica]]y
impossible. Al cannot chemisorb N ©, whereas N dissoc-
iates upon impact with a surface (tar;et or growth inierface),
releasing N species which react with A].(6)

AIJN is formed at and sputtered from the target surface

in coincidence with its formation at the substrate., This can

be seen by a comparison of growth rate and A]o optical emission

in the N -Ar system.(7) Figure 1, p.B1l5 shows that the transition
from A) E> AIN films was completed when the discharge contained

20% N . At that point, the deposition rate had dropped to 45%
2 0

of its value in pure Ar but the Al optical emission intensity

had dropped much Jower, to 17%. Clearly, Al-bearing

species in addition to atomic Al were being sputtered from the

target surface,.
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2. Corrosion behavior of Al, AIN -cermet, and
AlN-coated mild ste:;{

We utilized the ternary gas composition diagram described
in Sec. I1.l to deposit a set of A)l-N films with a wide range of
chemistry, crystallography, and microstructure on 1808 steel
substrates. The films ranged from large-grained, porous,
metallic Al to two cermet structures to fine-grained, non-porous
AlJN., Corrosion rates of the steel+coating composite were
measured in an O -free #.2M KC] electrolyte under conditions of
cathodic po]ariz:tion. Details of the experimental procedure,

materials characterization, and the results of the corrosion

experiment are given in Appendix C.

To summarize here, the results show that a 1rm-thick AJN

coating Jowers the corrosion rate of steel by over an order of
magnitude. The corrosion rate increases with increasing Al
content in the coating, and ultimately exceeds that of both
bare steel and bulk Al).

Two models are presented to explain the results. A
non-porous,non-reactive electrode model is used to describe the

corrosion behavior of AlN-coated steel, with the overall

_'.lxl .
<
;.

corrosion reaction:

).,
%5

"f%
oSy
L

°

the other extreme, a porous, reactive electrode model is used

describe the behavior of Al-coated steel, In addition to the

. L] - n - . LA RAT . a el . v - - - " AR R - . » - - A | - - - LU | A 1 A" | - .ﬁ'
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Eq. (1), four other corrosion reactions are proposed to occur,
based on a galvanic reaction between Al and Fe. These reactions

9 are described on pp. C7-8.
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3. X-ray photoelectron loss spectroscopy of two aluminas and

aluminum nitride.

o
i X-ray photoelectron loss spectroscopy (XPLS) is an
ﬁ application of x-ray photoelectron spectroscopy (XPS) which
ﬁg involves determining the energy separation, AE, between a core
photoelectron peak and its principal loss peak.
g Three materials were studied here, described in Appendix D:
1) Basal orientation AIN sputter deposited on <11l1l>-cut Si.
ﬁg 2) Amorphous (a-) Al O sputter deposited on <1ll1>-cut Si.
h 3) Bulk single cryst:JBbasa] orientation'x-A]203.
’ It is not possible to distinguish these materials on the basis of Tos]
?5 the chemical (Siegbahn) shift in the binding energy of the Al2p Eﬁvﬁ

A
=S

and Al2s electrons alone, or to even precisely measure the

P < !’.

7,

binding energy, since charging shifts are on the order of several

ez

ev.

L AL
55

-
ON

C

XPLS results show that these materials can be distinguished

d

by differences in AE, independent of sample charging (p.D6,

fxz ]

v

Figs.5&6). Furthermore, a comparison of AE for the two aluminas

as a function of depth from the surface (p.D6, Figs.3&4) shows

\l

‘.:‘ ".'
 .1

that both forms have the same value of AE at the surface,

Pex] &%

but a-A)l 0 has a Jower wvalue thanoQ—A] 0 below the surface,

SE It has bzeg proposed(a) that AE increas§s3with increasing ‘T\U
- ionicity of the same cation. An etching study (g)on a-Al 0 ;.‘
E§ showed that A) at the surface was in 6-fold coordination w?ti o, gtN:
oy as ino{-A]l 0 , and that its coordination number decreased on the S?:E
" interior og 2he film, decreasing its ionicity. LJE
%& There is agreement between A E obtained by XPLS and ;g*f

A A S A A 2 2 A AR ST X




calculations based on a free electron gas model assuming a c'.,c

X
more theoretical work must be done to show that this agreement is ol

¢
. plasmon origin of the loss spectra (p.D7 Table II). However, -
g not coincidental.
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4., Optical behavior of sputter deposited vanadium pentoxide:

Relationship to vanadyl oxygen vacancies,

Vanadium pentoxide has a sheet-like structure, consisting of
alternating layers of V+0 atoms and O atoms alone (vanadyl] O

layer), as discussed in Appendices E and F. 1In a preliminary
study,(IG) we showed that VvV 0 can be grown by reactive sputter
deposition on unheated <1ll§-:ut Si, <8@61>-cut «~-A] O , Supersil
fused Sioz, and laboratory glass slides., Without exgegtion, the

films grew with layers aligned parallel to the substrate plane,
that is, with the b-axis or <@1@> crystallographic direction
perpendicular to the substrate,

The Jocal environment around a V atom in a perfect V O Jat-
25
tice is shown in Fig. la, p.Fl, where b 1is the ideal interlayer
0

spacing. Filwms were deposited in which deviation from the

ideal, measured by 4b=(b-b )/b , ranged from -@.23% to +1.14%

o o)

(Appendix G). Based on growth rate data and optical emission
(19)

from excited atomic Vv in the discharge, we concluded that an

oxide Jayer had formed at the target surface once the 0 content
2

of the discharge reached a critical value, after which the target

no Jonger acted as a getter for 0 . The value of b was related
2
to the state of target oxidation., Films in which b<b were
o
deposited from a target whose surface was not fully oxidized.

After target surface oxidation was complete, the interplanar

layer spacing rose rapidly to b>b . Films in which b=b were

o o
produced in a discharge which contained the critical 0 content
2
for -target surface oxidation. A deviation of b from b was
o

associated with defects in the vanadyl 0O layer.

R G O ARG T
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For the case of b<b , the defects were vanadyl O vacancies,
o
as shown in Fig. lc, p.Fl. It was shown in a theoretical

(11)
study that in the case of an isolated defect, excess charge

is localized near the VvV site adjacent to the vanadyl O vacancy,
+4
giving the ion a v nature, Yet, the structural order of the

material remains unchanged. At the other extreme, it was obser-

ved in bulk reduced V 0 , that when enough vanadyl O atoms were
25
missing, the two adjacent V+0 layers collapse and a vson stacking
(12)

fault is formed.

In this study, we observed a change in V-0 coordination as
a change in position and shape of the fundamental optical
aborption edge., For less extreme cases of b<b , the position of
the fundamental optical absorption edge was cogsistent with that
reported for single crystal v 0 , as discussed in Appendix E.
However, the absorption edge had a Jow energy tail which became
more pronounced as &b became more negative, i.e. when more
vanady] O vacancies were present., For small negative A b, the
tail] consisted of two discrete absorption bands related to states
within the energy band gap which were not continuous with either
valence or conduction band edge. Electronic transitions possibly
responsible for these discrete bands are 1) 3dl->3d1 trans-
itions of the V+4 ion in the complex containing the vanadyl

(13) 1 +4

0 vacancy, or 2) transitions between a 3d Jlevel of the Vv
ion and an empty V 3d state at the bottom of the V 0 conduction

25 (11,14)
band which has been Jocally perturbed to lower energy.
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5., Phase transitions in W-nitride films sputter deposited using
Ar-N , Ne-N , and N discharges.
2 2 2

A W target was sputtered in N -bearing discharges containing
Ar or Ne, Films were deposited on2<111>-cut Si and laboratory
glass slides. Their properties were studied using x-ray
diffraction and resistivity measurements. Details of the
experimental procedure are given in Appendix H. The phases
present in the films were determined by consideration of
crystallography and electrical behavior.

Published information about the W-N system is Jimited.
Neither the compositional range of the equilibrium phases,
fcc W N and hexagonal WN, nor the metastable phases which are
formeg are well understood. Much of the thin film work on
sputter deposited W-nitrides was carried out by Nicolet and
co-workers (Appendix H, Refs. 1-3) who were interested in barrier
Jayer behavior. 1In the present study, we are interested
determining the effect of carrier gas type on nitridation.

The results show that films deposited in pure rare gas
discharges are two-phase, consisting of bcc o(-W, the equilibrium
phase, and fcc §-W, a metastable phase. The following sequence
of phase transitions were observed as N was added to an Ar
discharge: Jow resistivity microcrystaf]ine structure, a-W(N) =>
W N -> high resistivity microcrystalline structure,
X?Wizgtride. The use of Ne instead of Ar accelerated the form-

mation of the higher N content phases and supressed the

formation of a-W(N). The major diffraction peaks are shown in

»

R -

-
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Fig. 3, p.H1S. Crystallographic parameters are given in
Table II, p.Hll.

Neither fcc g-W(N) (containing >18-<33 atom% N) nor fcc W N
was found in the films. The two microcrystalline st:n.nctm'es,2 '

a-W(N) and x.w-nitride) have also been observed by Affolter et

?: a],(IS)but cannot be associated with the equilibrium phases of

".‘; ‘:S'.I W-nitride., A series of six hexagonal layered W-nitride phases ;
. ranging in composition from W N to WN were reported over |
\ §§ (16) 2 2 .

R twenty-five years ago. These phases, prepared by nitriding

SE g.: thin W filJms in NH , are interesting for the following reasons. _f
. 1) They represent : change in lattice parameter perpendicular

“ zﬁ' to the basa) plane (c-axis) with almost no change in lattice t
: parameter within the basa) plane (a-axis). 2) Their bonding spans

o ‘ a metallic -> covalent transition. 3) They are non-Haag phases -
E "2 spanning a wide range of stoichiometry and cannct be predicted ]
, - from conventional principles for determining the crystal

5 & structure of interstitial compounds.(17) 4) They are similar

: ‘ in structure to the layered equilibrium phases of transition-

, E:' metal borides.(]g)secause of their large c/a ratio, the diffraction )
il pattern of these phases consist of closely-spaced, perhaps

; = unresolvable, peaks in the vicinity of 20:=35-u40°, correspon-

;,: E ding to reflections from {10l.1} planes with 1=0-3. This

A type of pattern is observed in the diffraction scans of both

, '.f" a-W(N) and X.W-nitride.

g o
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6. Sputter deposition of Au-oxide.

The effect of oxygen on the growth of Au films has been of
continuing interest for over twenty years (Appendix I,
Refs. 1-4), with an eye towards understanding improved film

adhesion when 0 1is added to an Ar sputtering discharge. 1It was
2
suggested that an Au-oxide formed at the substrate which aided

bonding, and that the oxidation process was assisted by
active oxygen species in the discharge, in particular 0 +.

Previous studies of Ar-0 and Ne-0 discharges arezinc]uded
in Appendix J. 1In Ar-0 , it 5as found %hat the number of O *
ions was proportional tg the nominal O content of the discﬁarge.
This was not the case with Ne-0 , wherz the Penning process at
Jow discharge 0 content createg a large population of O '
detected with bgth optical emission spectroscopy and g]oi
discharge mass spectrometry. The effect of a Jarge O ' ion
population at low discharge O content was studied wiih

2 (19-21)

respect to sputter deposited Pt-oxide,

’

Here, we investigated the crystallography (Table I) and

resistivity (Fig. 1) of films deposited from a Au target in

Ar-0 and Ne-0 discharges.(zz) The crystallographic changes
whicg occurredzas 0 was initially added to the rare gas dis-
charge are similar fn the Au-0 and Pt-0 systems. Evidence of

Au-0 bond formation was obtained from the chemical shift of Au 4r
o} +1
electron binding energy. Three oxidation states, Au , Au , and
+3 (23)
Au , were identified. The ratio of the number of Au species

in +1 and +3 states to Au metal is shown in Fig. 2 as a function

P > 7
oI
XA
p W
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e T
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b.(’}”?‘.‘ i

)



L. e 0ad

&

™

ol

W

P

iy

8]

e

R

I

.\

28 0p 0.8 4.5 I O O O ROV IO DO OO T T ..

]S

of dfscharqe O content, A comparison of Figs. 1 and 2 clearly
2 +3
shows the relationship between Au species and a large increase

in resistivity, As expected, the use of Ne as the rare gas com-
ponent of the discharge, rather than Ar, enhances the oxidation

of Au at low discharge 0 content,.
2
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Table I: Crystallographic parameters for Au and Au-oxide films
films grown on <1lll>-cut Si and glass slides.

- W e e A e

v AR 3

j Gas Au plane Rel, Int, 28, deg. FWHM, deg.
v Content Si/glass Si/Glass Si/Glass Si/Glass
! (a (b
! Ar 111/111 100/100 38.3/38.2 0.4/8.5
Ar-5%0 111/111 100/100 38.2/38.2 6.3/0.3
P 2 200/200 4/6 44.4/44.3 8.7/0.6
Y 311/311 3/5 77.5/77.2 9.8/0.9
g >
R > Ar-10%0 111/111 1006/100 38.3/38.2 8.3/0.4
] 2 2008/200 14/20 44.4/44.3 8.7/08.7
. ﬁg 220/220 14/15 64.6/64.6 .6/8.5
) 311/311 7/12 77.6/77/5 8.9/0.6
;2 53 Ar-25%0 111/111 160/100 38.2/38.2 8.7/8.7
’ 2 200/200 21/20 44.4/44.3 l1.1/1.0
, 220/229 20/17 64.7/64.6 9.8/1.0
SN 311/311 14/12 77.6/77.6 1.8/1.2
A (c
b Ar-503%0 111/111 100/100 38.2/38.2 2.8/2.1
N 2 (c
Ii Ar-75%0 111/111 190/100 38.2/38.3 1.7/1.7
. 2 (c
104%0 111/111 100/100 38.3/38.2 1.4/1.6
w 2
A
v Ne 111/111 100/100 38.3/38.1 6.5/0.5
|
) Ne-5%0 111/111 100/100 38.2/38.1 #.8/6.8
g 2 200/200 12/11 44.4 44.0 1.1/1.4
R 220/220 11/12 64.5/64.3 1.3/1.3
AIEEAN
- » Ne-18%0 111/111 160/100 38.3/38.1 8.7/0.8
! 2 208/200 12/16 44.2/44.0 1.2/1.5
= 220/220 11/14 64.5/64.3 1.2/1.3
- 311/311 7/7 77.2/77.2 1.3/1.6
;- (c
. Ne-25%0 111/ - 100/ - 38.4/ - 2.4/ -
Y 2 (c
<< Ne-50%0 111/ - 108/ - 38.3/ - 2.1/ -
2 (¢
b 2 Ne-75%0 111/111 100/100 38.4/38.3 1.7/1.1
e 2
- a) 26 for bulk Au reflections: (111), 38.2 ; (2080), 44.5 ;
‘e (220), 64.7°; (311), 77.7° for Cu k« radiation (A =1.5418R).
: b) Broadening due to instrument effects=g.2°,
« ¢) Very weak peaks, metallic Au is only one component of this
:;,c cermet material. A dash (-) indicates no diffraction peak.
1,
" .
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7. Process-induced disorder in sputter deposited

glassy germania,

Glassy germania (nominally GeO ) was studied here as a model
system for a tetrahedral-bonded thii film oxide glass., The
results of a study of the effect of Ar-0 discharge composition
on the near ultraviolet-visible-near inf?ared optical behavior
of GeO (1.85 < x < 2.30) is included in Appendix K. 1In the

X

case of films which are nominally germania (GeO ), there
2.-203

was an increase in disorder in Ge-0 bonding as Ar was introduced
into the discharge without a change4in overall chemistry. The
disorder is manifest by(24) 1) a decrease in the optical) energy
band gap, 2) an increase in optical absorption in the visible
spectrum, 3) an increase in the frequency of the infrared-active
Ge-0-Ge stretch mode, indicating a Jower film density, and 4) an
increase in the width of the infrared-active Ge-0-Ge stretch
band, indicating a larger spread in bond strength from
tetrahedron to tetrahedron. The mechanism by which Ar disrupts

Ge-0 bonding, as well as the nature of the defects created, will
4

be a subject of future research.
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Glow discharge mass spectrometry for sputtering discharge diagnostics

Carolyn Rubin Aita

Materials Department and the Laboratory for Surface Studies, University of Wisconsin-Milwaukee,

Milwaukee, Wisconsin 53201

(Received 4 October 1984; accepted 4 December 1984)

Glow discharge mass spectrometry (GDMS)] is an in situ method used to determine the mass and
energy of positive ions incident on the substrate during sputter deposition. In the first part of this
review, we describe the sputtering glow discharge, creation of positive ions in the glow,
determination of their mass and energy by GDMS, and the relationship between ionic flux and the
flux of corresponding neutral species incident on the substrate. In the last section, several .
examples of the use of GDMS during reactive sputter deposition are presented, illustrating the

strengths and limitations of this technique.

I. INTRODUCTION

Sputter deposition is a glow discharge process used for grow-
ing thin films of both elemental and compound materials.
Although important for the reproducible production of ma-
terials with predictable properties, much remains to be
learned about the manner in which discharge chemistry af-
fects film chemistry and atomic order, from which all other
properties are derived.

Gilow discharge mass spectrometry (GDMS)' is an in situ
method which is used to determine the mass and energy of
positive ions incident on the substrate during the course a
deposition. Positive ions of target species detected by GDMS
are created from, and hence, their population is related to
neutral species in the glow discharge. Information about the
neutral flux incident on the substrate can often be obtained
from a knowledge of the ionic flux.

A survey of the materials systems which have been investi-
gated by GDMS is presented in Table I. The technique has
demonstrated applicability as a basic research tool and as a
means of process monitoring and control. Coburn,' Coburn
et al.,>"* Hecq and Hecq,>'" and Shinoki and Itoh,'? used
GDMS to study the discharges associated with both rare and
reactive gas bombardment of over 20 different target materi-
als. Purdes er al.,'’ and Aita er al.'*'® used GDMS as a
diagnostic tool during reactive sputter deposition to under-
stand film chemistry and structure in terms of discharge
chemistry. Tisone, Bolker, and Latos?®>** used GDMS for
in-line process control.

In the next four sections of this review, we describe the
sputtering glow discharge, the creation of positive ions in the
glow, and the determination of their mass and average ener-
gy by GDMS. Most of the particles incident on the substrate
are uncharged and the relationship between the flux of ionic
species and the corresponding neutral flux is discussed in the
sixth section. In the last section, several examples of the use
of GDMS are presented, illustrating the strengths and limi-
tations of this technique.

Il. THE GLOW DISCHARGE

A glow discharge is one in which the cathode emits elec-
trons under bombardment by particles and light quanta
from the gas. Sputter deposition is carried out in a low pres-
sure glow discharge (107> to 10~ Torr).?* In a planar sys-
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tem, the electrodes are parallel plates separated by several
centimeters. The target is placed over the cathode and the
substrates are placed over the anode.

The discharge is excited by applying a large negative vol-
tage to the cathode (~ 10° V) while the anode is kept near
ground potential. Excitation can be either from a dc or f

TABLE I. Materials systems studied by GDMS.

Target Sputtering gas Ref.
m Al argon 18,19
2 Au argon 7
(3) Co argon 4,7
# Cu argon 16

neon 57
argon + OXygen 13
neon + oxygen 13
(5} Eu argon 11
(6) Nb argon 6
(M Ni argon 7
8) Pt argon + oxygen 9
9 Ta argon + oxygen 20,21,22
argon + nitrogen 16,17
(100 v argon 4
(1) Ze argon + nitrogen 12
(12} CdTe argon 6
(13) NaCl argon 4,6
(14) NiO argon 4
(15) GaAs argon 4,6
neon 2
{17 In,0, argon 4
(18) Ta,O4 argon 4
argon + oxygen 20,21,22
(19} ZnO argon + oxygen 14,15
(20) BaTiO, argon 6
21) Y,Fe,0,, argon 6
(22) EuO—6%Fe argon 2
neon 2
(23) Pb.Sn, _, argon 4
(24 Sb,0,-Y,0, argon 4
(25) MnCrSb argon 4
(26) CoNi alloy argon 4
27) NiCu alloy argon 6
(28) MnGaGealloy argon 6
(29) CuTa alloy argon [
{30} FeAlCu alloy argon 14
(31) Teflon argon 6
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626 Carolyn Rubin Aita: Glow discharge mass spectrometry
source. In a dc-excited system, the target is part of the cath-
ode and must be conducting. In an rf-excited system, the
target need not be conducting.**~*® However, to insure that
an equal number of positive and negative charge carriers
strike its surface in an rf half cycle, the target develps a nega-
tive self-bias that can be nearly as large as the amplitude of
the rf voltage applied to the cathode.**?’

Distinct striations of darkness and light develop parallel
to the electrodes. Sequentially from cathode to anode, these
regions are?®:

(1) The Aston dark space, where electrons accumulate to
be accelerated away from the negative field at the target sur-
face.

{2) The cathode glow, primarily associated with the loss of
excitation when positive ions sputtered from the target are
neutralized by electrons near the target surface.

(3) The cathode or Crookes dark space, through which (a)
electrons are accelerated away from the target, thereby gain-
ing sufficient energy to ionize gas species efficiently, and (b)
positive ions are accelerated towards the target, thereby
gaining sufficient momentum to cause sputtering when they
strike the target surface.

The width of the Crookes dark space is determined by the
mean free path over which an electron is accelerated before
undergoing inelastic collisions with gas species which ran-
domize its motion. A large number of positive ions are creat-
ed as a result of these initial collisions, and a strong positive
space-charge region develops at the boundary of the Crookes
dark space and the negative glow.

(4) The negative glow, a plasma sustained by the ionization
of gas species by impact with electrons. The negative glow is
a region of intense radiation, the color of which is character-
istic of the sputtering gas between the electrodes.

(5) The anode sheath, a Langmuir sheath which forms
around an object placed in contact with a plasma.

The discharge is abnormal and obstructed. “Abnormal”
refers to the condition when the entire cathode surface is
covered by the negative glow. “Obstructed” refers to the
placement of the anode close enough to the cathode so that it
is in the negative glow; neither Faraday dark space, positive
column, anode dark space, nor anode glow develops.

The electric field drops from a high value at the target
surface to zero at the boundary between the Crookes dark
space and the negative glow, which acts as a virtual anode.
The motion of both electrons and positive ions changes from
beamlike in the Crookes dark space to random in nature in
the negative glow.

The potential drops from the large negative value ¥, at the
target surface to zero at the boundary of the Crookes dark
space and the negative glow. The potential rises in the nega-
tive glow to a small positive value ¥, (the plasma potential)
relative to the potential at the anode surface ¥, . The surface
of an anode that is not a perfect conductor floats at a small
negative potential with respect to ground.

Sputtering occurs when gas species originating as positive
ions in the negative glow are accelerated across the Crookes
dark space and after undergoing symmetric charge exchange
collisions, X*(fast) + X%slow) -3 X*(slow) + X°fast),
strike the target as high energy neutral species.?® Target spe-
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cies are ejected by a momentum transfer process, with ener-
gies on the order of 1 to 10 eV.*° Most of the ejected target
species are uncharged, assume a random motion between the
electrodes, and condense on any surface in their path. In this
manner, a film is deposited on the substrate. However, high
energy neutral gas species which have been clastically scat-
tered from the target surface,’! fast electrons which have not
been slowed down by inelastic collisions,**-** and positive
ions from the negative glow with energy equaito V, — ¥, -3
also strike the substrate, adding to the complexity of the
environment in which the film grows.

It is sometimes advantageous to apply a small external
voltage, usually with a negative bias, to the anode. Increas-
ing negative values of V, increase the maximum energy
(V, — V,) with which positive ions strike the substrate. En-
hanced bombardment by rare gas ions increases the resput-
tering of material from the growth interface concurrent with
deposition and decreases the amount of loosely bound im-
purities incorporated into the film.>*?® Other effects of a
negative anode bias are discussed in Sec. VII C.

lil. PRODUCTION OF POSITIVE IONS

A positive ion produced at the target by the sputtering
process will be unable to leave the strong cathode field and
will be neutralized near or returned to the target surface. It is
important to emphasize, therefore, that positive ions of tar-
get species detected by GDMS are created in the negative
glow.

Several direct ionization processes which can occur are*®:

(1) Ionization of a ground state atom or molecule by a
collision with an electron with kinetic energy greater than
the first ionization potential of the neutral species.

(2) Ionization of a ground state atom or molecule species
by an elastic collision with a positive ion whose velocity is
such that both momentum and energy are conserved.

(3) Ionization of a ground state atom or molecule by a
collision with an excited atom with total energy equal to or
greater than the first ionization potential of the neutral spe-
cies. A special case is Penning ionization*®*' in which the
excited atom is at a metastable energy level from which a
radiative transition to the ground state is forbidden. Rare gas
atoms have long lived metastable states immediately above
the ground state (Table 1I*?) with sufficient energy to ionize
many elemental and compound target species. Penning ioni-
zaiton is an important process for the creation of positive
ions from neutral minority species in the negative glow.

(4) Associative ionization,*'**~*° the formation of an ionic
complex by a collision between an excited atom and an atom

TABLE II. Low-lying metastable energy levels of rate gas atoms.

Metastable Ionization
Species energy, eV energy, eV
1. He 19.8, 20.7 24.58
2. Ne 16.6, 16.7 21.56
3. Ar 11.5, 1.7 15.76
4 Kr 9.9,10.5 14.00
5. Xe 8.3, 94 12.13
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827 Carolyn Rubin Aita: Glow discharge mass spectrometry
or molecule in its ground state. The complex ion is stabilized
because the electron released by the reaction carries away
the heat of reaction in the form of kinetic energy.*’ Associ-
ative ionization is responsible for the formation of ions in the
glow for which there are no corresponding neutral species,
for rare gas dimer ions, and for rare gas-reactive gas ionic
complexs.z"'“z‘""“’"7

(5) Ionization of a ground state atom or molecule by ab-
sorption of a photon of energy equal to or greater than the
first ionization potential of the neutral species.

(6) Nonresonant transfer of charge between an excited
atom and a ground state molecule which may become excit-
ed to a repulsive energy level and dissociate.

Indirect ionization processes can also occur. These are
cumulative processes which involve a sequence of excitation
collisions ultimately leading to an ionizing event.

IV. DETECTION OF POSITIVE IONS BY GDMS

Glow discharge mass spectrometry was first described by
Coburn.' A typical experimental setup by which GDMS is
accomplished is shown in Fig. 1. The GDMS apparatus is
differentially pumped and maintained at a pressure of
~107% Torr. The system with which we have worked con-
sists of a sampling orifice positioned in the substrate table.
Beneath the orifice is an ion extractor lens—a three element
Einsel lens and a magnetic separator by which the ion beam
is collimated and secondary electrons are separated out.
After passing through the ion extractor lens, the ion beam
enters a quadrupole mass analyzer where particles are sepa-
rated on the basis of mass-to-charge ratio. The output signal,
detected by either a channeltron or a Faraday cup, repre-
sents the ion current from a particular combination of mass
and charge, from which the chemical type of the ion is de-
duced. Difficulty in interpretation arises because different
combinations of mass and charge can have the same mass-to-

gas
PN
cathede
target
_________ power
[plasma 1 supply
{ {
|+ + ‘
e . _ & _ __ _ . .Jl
V.
-
-l
of x
pumps e T

O pumps

F1G. 1. Sputter deposition system with an attached glow discharge mass
spectrometer.
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charge ratio, and hence, yield overlapping signals.

The factor that distinguishes GDMS from traditional re-
sidual gas analysis is that in the latter, an ionization process
external to the glow discharge is used to create ions from
neutral species which are sampled from the sputtering
chamber. Ions detected by GDMS are created in the nega-
tive glow in the natural course of events during the sputter-
ing process.

The least complicated spectra are generated by sputtering
an elemental target in a rare gas. More complicated spectra
are generated when:

(1) A compound target is sputtered in a rare gas. In this
case, dissociation of the target material can occur either at
the target surface under bombardment by energetic parti-
cles? or by collisional processes in the discharge,*® as evi-
denced by the dominance of atomic species in the spectra
shown in Figs. 2 and 3(a).

(2) An elemental target is sputtered in a reactive gas (Fig.
4). In this case, a chemical reaction can occur at the target
surface and/or at the substrate.*>*' The flux incident on the
substrate is determined by a balance between compound for-
mation at and removal from the target surface without disso-
ciation and compound dissociation at the target surface and
in the discharge.

{3) A compound target sputtered in a reactive gas [Fig.
3(b})]). The same balance cited in case (2) applies here.

Nt Te* ¢
[ - G -1
™ o = e F ar
10! b -~ 4 - 10’
j— C10°.Cly .
e N2CI' [ CaAr Iy
= NaA:*
™ Ciar*
102 |- - -+~ <4 107?
AsAr’
™ Gaas®
i A
$ b Te,’ .
3 ? )— GoAe
§ 40l | 4 . 3
-2 10 o Tear® o G - 10
H b a30°
3
«
b CdTe’
b= Cd,’ b— Gs0*
108 |- -+ ~ 4 105
(LA S “ o= Ga'* T
aNaCl b CdTe cGals

F1G. 2. lonic current from vanious compound targets sputtered in an rf-
excited discharge operated at 6 x 10~ ? Torr and 100 W power: (a) NaCl, (b
CdTe, (c) GaAs. Only signals from ions bearing target species are included
(Ref. 3}.
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- F1G. 3. Ionic current obtained by sputtering a ZnO target in an rf-excited GAS NITROGEN PERCENT

- discharge containing (a) Ar, and (b) 75% Ar/25% O, operated at 1 X 10~?

Torr with — 1000 V (rms) applied to the cathode. Three isotopes of Zn (64, F1G. 4. lonic current obtained by sputtering a Ta target in an rf-excited Ar

66, 68 amu) are shown. Their relative ionic current is equal to their abun-
dance in nature. Current corresponding to the formation of ZnO and ZnOH
from each isotope can also be observed, but for the sake of clarity, only the
current from Zn*O ™ and Zn®®OH* is shown in the figure (Ref. 14).

V. MEASUREMENT OF PLASMA POTENTIAL

Using the apparatus described above, the average energy
of a particular ionic species in the negative glow can be mea-
sured by applying an increasing positive retarding voltage to
one of the three ion extractor lens elements and observing the
output signal of the quadrupole mass analyzer for the species
of interest using a2 Faraday cup with the anode at ground
potential (¥, = 0). When the retarding potential is equal to
the potential at which ions arrive from the negative glow, no
positive ions pass through the lens and no current is detect-
ed.

A study of the effect of discharge geometry and anode
biasing on the plasma potential of various ionic species in rf
discharges was carried out by Coburn and Kay.? The results
show an increase in ¥, with decreasing target-to-wall area
ratio in contact with the d.scharge. A negative anode bias
does not effect ¥, . In general, single positive charged species
do not undergo symmetric charge exchange collisions in the
anode sheath. Whitten®” found that ¥, measured from the
Ar~ ion current increases slowly with decreasing discharge
pressure and increasing power.

V1. RELATIONSHIP OF ION TO NEUTRAL FLUX

When a target of element X is sputtered in a rare gas in
which there is a concentration of species [R™ ] excited to a
metastable electronic level with energy equal to or greater
than the first ionization potential of X, the ion current X*
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discharge containing (a) 0.67% N, and (b} 3.0% N, operated at 1.5% 10~*
Torr with — 725 V {rms) applied to the cathode (Ref. 16).

was found to be directly proportional to the product [R™]
[X], where [X] is the concentration of neutral target atoms in
the negative glow.® This result indicates that the ionization
of X occurs by the Penning process.

In terms of relating ionic to neutral flux, the cross section
for Penning ionization is known not to significantly vary
from element to element.*' The relative ion current from
target molecules and their fragments from a compound tar-
get was found to be a good indicator of the relative flux of the
corresponding neutral species incident on the substrate pro-
vided that all species involved can be Penning ionized by
metastables of the particular sputtering gas used in the ex-
periment.® Complications in interpretation arise when a
sputtered target species cannot be Penning ionized because
of energy considerations. In such cases, a simple correspon-
dence between the relative ionic current and the neutral flux
of a particular species cannot be made.

Another problem arises when relative ionic currents are
used to estimate the relative yields from a molecular target;
that is, to attempt to quantify the extent of dissociation at the
target surface. This cannot be done because dissociative pro-
cesses occur in the negative glow as well as at the target
surface. The GDMS spectra will therefore appear to be more
atomic in nature than is representative of the flux of neutral
species which leave the target surface.

VII. APPLICATIONS

Three specific cases in which GDMS was used during re-
active sputter deposition are discussed briefly in this section.
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FIG. 5. Relative PtO™* /Pt™ ionic current obtained by sputtering a Pt target
in rf-excited Ar/0, discharges operated at 1x 10~ Torr with — 1000 V
{rms) applied to the cathode, shown as a function of gas O, content. Hexa-
gons represent data obtained in our laboratory, the square represents data
from Ref. 9.

A. Detection of platinum target oxidation

A small amount of O, added to an Ar discharge during the
reactive sputter deposition of Pt results in the growth of a
type of platinum oxide.’>*® A comparison of the depen-
dence of oxide growth n cathode voltage and deposition
rate in Ar/Q, nd Ne/Q, discharges suggest that Pt-O bond
formation in the film is controlled by the oxidation of Pt
metal at the target surface.’®

Initial supporting evidence came from Hecq et al.’ who
detected both PtO™ and PtO;* species by GDMS when a Pt
target was sputtered in an Ar/25% O, rf discharge. Pt* and
PtO™ ionic current intensities were monitored in our labora-
tory during the sputtering of a Pt target in Ar/O, discharges.
The PtO™ /Pt™ relative ionic intensity is shown in Fig. 5.
Since both Pt and PtO (with first ionization potentials at 9.0
and 11.2 eV, respectively) are Penning ionizable by Ar™, the
relative ionic flux shown in Fig. 5 represents the correspond-
ing flux of neutral species incident on the substrate. GDMS
has been used here (1) to verify that oxidation of the Pt target
occurs, and (2) to show that even for very small amounts of
O, in the sputtering gas, a significant number of neutral PtO
species are incident on the substrate.

B. Relationship of theZn*/Zn0O * flux to the structure
of ZnO films

Zinc oxide, a hexagonal close-packed wurtzite-type com-
pound, is an important material for piezoelectric transducer
applications. For an optimal piezoelectric response. the bas-
al planes of the ZnO crystallites must be oriented parallel to
the substrate.

GDMS studies of the sputtering of a ZnO target in Ar/O.
discharges show that considerable dissociation of the com-
pound occurs for all partial pressures of O. [see, for example,
Fig. 3(b)].'*'* Furthermore, a minimum in the Zn~/ZnO~
ionic flux [Fig. 6(a)] is strongly correlated with the number of
hasal planes aligned paraliel to the substrate {Fig. 6(b)]. The
Zn™*/ZnO ™ ionic flux was found to be dependent upon both
sputtering gas O, content'® and the discharge power.'’

It is tempting to assume the Zn*/ZnO™ flux is an accu-
rate indicator of the relative number of neutrai Zn and ZnQ

J. Vac. Scl. Technol. A, Vol. 3, No. 3, May/Jun 1985
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FIG. 6. (a) The relative Zn*/ZnO " current shown as a function of sputter-
ing gas O, content. (b) The average deviation of the normal to ZnO basal
planes from the substrate normal, obtained by x-ray diffraction rocking
measurements on films grown from a ZnO target sputtered in rf-excited
discharges operated at 1 x 10~? Torr with — 1000 V (rms) applied to the
cathode (Ref. 14).

species incident on the substrate and correlate a strong basal
orientation in the films with the number of species which
arrive already in oxide form. However, this cannot be done.
Zinc, with a first ionization potential of 9.39 eV is the only
neutral species in this system for which it is certain that Pen-
ning ionization by Ar™ can occur. The first ionization poten-
tial of ZnO is not known. Therefore, although the ZnO-O-
Ar system lends itself well to the use of GDMS as a process
control procedure (by controlling O, partial pressure, rf
power to minimize the Zn~/ZnO~ flux}. its use to obtain
information about the relative flux of neutral species in this
system is limited.

C. Enhancement of Ta~ flux and arrival energy by
anode biasing during reactive deposition of tantalum
nitride

A negative bias voltage applied to the anode dunng the
reactive deposition of Ta in atmospheres containing small
amounts of N, results in a lower film resistivity and in the
stabilization Ta.N, the transition phase hetween N-doped
bee Ta and fce TaN. "7 GDMS was used'"'” to correlate
these results with an increase in (1) the Ta - dux relative to
TaN™, and (2) the energy of the arriving Tu ~ 1ons. Ta~ flux
and energy enhancement for a given sputtenng gas N, con-
tent increases the atomic density of Ta atorns in the films
with consequent changes in crystal structure and electrical
behavior.
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VIll. SUMMARY

Presented above is an introduction to glow discharge mass
spectrometry, an in situ method for determining the mass
and energy of positive ions incident on the substrate during
sputter deposition. Our goal was to demonstrate the use of
GDMS to gain information about the relationship of dis-
charge chemistry to film growth.

The examples presented in this review illustrate the use of
GDMS during reactive sputter deposition to determine: (1)
the oxidation or nitridization of a metal target. (2} The rela-
tive neutral flux of target species incident on the substrate,
provided that the ions detected by GDMS are created from
these neutrals by the Penning process. (3) The relative ionic
flux of target species, regardless of the means by which the
ions are created. The intent here is either to gain information
about the effect of ionic flux on a particular film property, or
to use the ionic flux ratio for process control.
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X |
B ABSTRACT

: ?b An Al target was sputtered in N,, N,-Ne, and 5%N,-(Ne+Ar)
“ discharges. The resulting films were studied by x-ray diffrac-
@ tion, Rutherford backscattering spect