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ABSTRACT

Thin silicon nitride films have been deposited on silicon
substrates by audio.frequency reactive sputtering in a hollow cathode
supported nitrogen plagma. This technique is unique to this inves-

tigation. Some physical properties were determined for 813N4'f11ms

deposited at substrate temperatures between 200° and 600°C and plasma

currents up to 5.0 amperes. All films were amorphous and had prop-

erties comparable to or better than that'of films produced. by other

techniques. Substrate temperature and plasma current had 1ittle
effecé.on'thé film-index of refraction, dielectric strength, and
dénsity° Thé energy\gap'and dielectric strength of the silicon
nitride fidms was determined%%o be 5.72ieV and 6x]06 V/cm respectively.:
The IR absorption peak occurs between 10,1 and ll.Qp for films
prepared at 400°C and 1.0 ampere plasma cufrent and between 10.8 and
11.3y for films prepared at'600°C and 5.0 amperes plasma current.
The‘absorption peak of crystalline 813N4 occurs at a wébelength of
10.7u. The shift to longer wavelengths is attributed to the weaker
bonding of the amOrphous films as opposed to that of crystalline
813N4. The broadening of the absorption peakbis attributed to the
larger distribution of interatomic distances of the amorphous films,
The large plasma currents make it possible.to obtain high |
deposition rates at low sputtefing voltages. Deposition rates
up to 1600 X/min. were obtainéd at a 5,0-amperes plagmg‘current

and a sputtering peak to peak voltage of 3200 vV, However, at

deposition rates greater than 300 X/min., the film density was




‘index of refraction approached the crystalline value of 2.1. IR

2

found to decrease with increasing sputtering rates. This decreasing

film density was accompanied by a decreasing index of refraction

which was approximately linearly related to film density.

film density approached the theoretical value of 3.18 g/cm3, th

As the‘

e

.‘;v,;'[ »

spectra of films prepared at high deposition rates also show a

broad absorption peak between 10.5 and 11.8,.
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~ INTRODUCTION

Attractive Features of Silicon Nitride

b

SiliconAnitride is a dielectric métefial whose chemiéal and
physical propertieé make 1tHé potentially important material for
use in the ménufacturé of semiconddctor devices. Among its attrac-
tive features are.it§ chemical inertness to many molten métals such
as_aluminum at 1000°C, lead at 4oo°c; tin at 300°C, and zinc at
550°C. It is resistant to oxidation up- to about lZOQOC when a layer
of silica begins to form at its surface, and is resistant to many

(16)

corrodents . The coefficient of thermal expansion, 2.5x10-6/°C,

is a close match to that of silicon - 4.0x10-6/°C.

Silicon nitride has a demonstrated high resistance to the dif-
fusion of sodium(49),Aphosphorus(41), and boron(41), and a believed

high resistance to the diffusion of aluminum, potassium, and gallium.

- The dielectric strength is from 106 to 107,V/cm and the dieiectric'

constant is from 5 .to 11 depending of the forming technique and the

measuring frequency. The above physicgl properties of silicon
nitride make it pgtentially important for use as an insulator,
diffusion maék, or passivator in the manufacture_of semiconductor
devices. Figure la shows a typical application of silicon nitride
as a diffusion mask in the manufacture of diffused Junction trans-
istors, and Figure 1b shows a typical application as an insulator
in a MIS'fransistor. A layer of silicon nifiide overﬂa completed

1ntegfated circuit is an example of a useful application of silicon

nitride as a passivator.
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(a.) Diffused Junction Transistor Showing an
- Application.of Silicon Nitride as a
Diffusion Mask. (b.) MIS Field Effect
- Transistor Showing an Application of
- Silicon Nitride as an Insulator, |
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» Io prevent further diffusionAof the junctions in some pas-
Sivation and diffusion masking applications, it is desirable to have'
a process fbr depositing silicon nitride on~wafers held at low | ‘
temperatures."A technique unique to this investigation is used to
prepare amdrphous silicon nitride films at low substrate temperaturegé

This technique involves reactive au&io frequency sputtering from a

silicon cathode in a hollow cathode supported nitrogen plasma.
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Preparation and Properties of Silicon Nitride

A reView of the-preparation and properties of silicon nitride

~is given in Appendix I. Only a brief description of the methods of

preparing bulk and thin film silicon nitride will be presented here.

Bulk Silicon Nitride:

Bulk silicon nitride is prepared by heating silicon, usually
in the form of powders, in a nitrogen atmosphere at temperafures of
1200° to 1600°C. Two .crystalline phases are formed over this range.

@ -S1,N, is formed at temperatures of 1200° to 1400°C and f- S1,N,

is formed at temperatures greater than 145000(15). a - SiSN4 has

been transformed to S - 813N4 by heating to 1550°C, but attempts to

transform @ - SigN4 to a- Si3N4 by heafing at temperatures'below

| 15) |
15OOOC-have failed( . Both forms are thought to have a hexagonal

crystal structure(11’14’15’29).

&

The refractive index of f- SigN, is about 2.1. The measured

density is 3.15 g/cm° for § - SizN, and 3.16 g/cm® for a- S1,4N,

which compares well to the theoretical density of 3.187 and 3.184

respectively. These density values are probably derived“frqm
measurements on single crystals and are not valid for densities
measured on 813N4 formed by nitriding silicon powders to form bulk

silicon nitride. The bulk density varies £ rom 2}0 to 2.6 g/cm3 (20).

Silicon Nitride Films

Recently, much effort:pas been directed toward deve10ping
methods for preparing continuous films of silicon nitride having

bulk properties which make it suitable for use as an insulator,

!
¥
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.
passi{gtor, and diffusion mask in the production of semiconductor
devices, integrated circﬁits, and capacitors.

Amorphous films are preferred because their greater flexibility
enables continuous films, which areﬁhighly resistant to the diffusion

of impurities, to be formed. The methods used for preparing silicon

-nitride films can be divided into three categories; (1) pyrolytic

decomposition; (2) DC and RF plasma activated chemical vapor

deposition; (3) sputtering.

(1) Pyrolytic Decomposition

Films of silicon nitride are preparéd pyfolytically by reacting
a compound of silicon, such as SiCl4, SiBr4, or SiH,, with.NH3 at
temperatures from 5500 to 120000. The films prepared at temperatures
below 900°C are amorphous with some crystallites appearing in films
o,.(43)
prepared at temperatures greater than 900°C . A typical reaction
is

351, + 4NHg ——— SigN, + 12H, | (1)

(2) DC and RF Plasma Activated Chemical Vapor Deposition

Silicon nitride films are prepared at low substrate temperatures
by reacting a chemical vapor of SiH4, SiBr4, or SiH4 + NHS in a
direct current (DC) or radio frequency (RF) supported nitrogen dis-
charéé or plasma. The reaction of silane wifh ammonia as given in
equation (1) is utilized to prepare films at substratg temperétures
less than 500°C by using RF energy instead of high temperatures to

force the reaction to completion(42). -Similarly, the reduction of

silane or silicontetrabromide in a DC nitrogen plasma is utilized to




.
form silicon nitride films at substrate temperatures of 300° to
o.(48) - | ,
400 C . The two reactions can be summarized as follows:
RF Plasma o
3S1H, + 4NH3 L 813N4 + 12H2 ; | (2)
| | bC Plasma | * . e
3S1H," + 2N, - A~ S1.N, + 6H, | | (3)

The films prepared by these methods are amorphous.

- (3) Sputtering

Four teéhniques of sputtering have been used to form-amofphous
films of silicon nitride bn various substrates at'temperatures less
'thén‘5OOOC. These four methods can be summarized as follows: (1) RF
sputtering from a éilicon nitride éathode in an argon atmosphere;
(2) DC sputtering reactively from a silicon cathode in a nitrogen -

atmosphere;’(3) RF sputtering reactively from a silicon cathode in
a nitrogen afmosphere; (4) DC sputtering‘réactively in a séparately
supported nitrogen discharge..Some properties of Si N, films
prepared by the various-methods are compared in Table I.

Deposition rates for the pyrolytic mephod increase exponentially
with increasing éemperatureﬁand are strongly dependent on the compo-
sition of the reactants. In the range below 900°C where amorphous
films are prepared, the upper limit appears. to be about 1500‘8/min.(44)

Data is not available for the film properties at high deposition

rates, but it has been reported(72) that film»cracking 6ccurs at

deposition rates greater than 500 X/min. and when films are thick,
. (72)
The normal growth rate is about 120 X/mln. Deposition rates

reported for the plasma activated vapor deposition methods are

»considergbly below the maximum reported for‘pyrolygic deposition,

eve RSB RS R




THE PHYSICAL PROPERTIES: OF SILICON NITRIDE FILMS

-

TABLE .1

T
s

°c)

Ra

| A/min..

Vac

KV
P-P;

vde
(Kv)

()

()

R

lcQcm)

e
-g/cm3

:
V/em

:f(éV)

Ref .

PYROLYTIC:

1.SiH_ +NH

600

900
800-1000
700-1150

5000.

1/40-1/20

.1015

i;94
2.1/1.98

.8/2.3:10"

~107

4.5-5.5

51,74
71
43

1500 I ‘ ‘ 1 2.0
750-1100 850 1/40-1/20 | | (10-12)12 | | 2.0/2.06
800-1200 400

' 550-1250 600

- po®-107 8-1 4.3 44
0/2.06 | 3.02/3,21 . 6.3 | 72

4 3

2.31c13+umé

| 1.99/2.01 |

~107 g 5.6

45

PLASMA ACTIVATED
CHEMICAL VAPOR
DEPOSITION

1.RF DISCHARGE
2.DC PLASMA a. (SiH)
‘ b.(S:lBr'!l

<500
| <500
)‘: . RS

200
400
400

.03-.50
«1%S iH,,-
-1%SiBr,

© Yoo

[ 810

16‘

t  3.1/3.2

ﬁs—l-lo6

7-11

42
48
48

SPUTTERI NG )
-1.RF, Si_N_ Cathode

34
in Ar

2.DC, Si Cathode in
Ny
50% N2+50%Ar,‘
3.RF(13. ), Si
Cathode 1in N2

4.DC, Si Cathode in
Nz Supported

Discharge

S A

200-400;

25-500

50-230

100

60.
. 200

110

10

150

1.5

12

12.0

- >10

Is

.4.10'3

- 2.05

2.8/3.0°|

2.82/3.02

1.2-6.0
xlO5

6-8.3"

6

10-12: ]

.2-6.8

436‘

 -46,50*
47,71

. 59

47,71

46,50

'Tsy= Substrate temperature E = Dielectric strength
R; = Deposition rate K = Dielectric constant

Vac= AC Sputtering potential

P = Gas pressure

R = Film resistivity
IR = Infrared absorption peak Ref = Reference

p = Film density

{i:

.Energy gap




10 . ‘ y
but are in the normal growth rate range. These rates may not rep-

resent the maximum obtainable. Sputtering deposition rates vary

~ considerably, depending on the technique used. The deposition Tate

for DC reactive sputtering from a silicon cathode in a nitrogen
atmosphere (2-3 X/min.) is extremely low due to a silicon nitride
insulation layer building up on the cathode surface. This insula-<

tion layer prevents the neutralization of on-coming positive ions

resulting in a positive charge accumulation at the cathode surface
which repels the bombarding nitrogen ions. Consequently, the
sputtering rate is reduced significantly. The films are generally
'of lower quality and display evidence of electron and negative ion
bombardment damage. The Si-0 band is present in infrared absorption
Spectra showing that oxygen is present in the films(47)
If argon is added to the nitrogen'atmOSphere,-the sputtering

rate is'increased.considerably;‘ However, arcing at the cathode due

to diffusion of silicon nitride to the cathode surface is still

present and impairs reproducibility(50).
Deposition rates for sputtering from a pressed silicon nitride
target in'an argon atmosphere and DC reactive sputtering from a
silicon target in a supported nitrogen discharge are about 100 X/min.
/ Film damage due to arcing’ at the substrate. surface 1s observed using
the latter technique, but can be eliminated by insulating the sub-
(50) | |

strate holder from ground . The RF reactive sputtering rate of

T 200 A/min, is greater than that for the other sputtering methods.

‘This rate decreases with increasing nitrogen pressure over the range




~ nitrogen pressures

11

of 5 to 25 microns. - The film properties"deteriorate at higher
(47) | |

The etch rate of the silicon.nitride films has been observed to

decrease‘with 1ncreasing sputtering'voltage(46’50);nd wi th 1ncreaging

temperature when producing pyrolytic films(43’51); the latter indicates

an increase in the film density. The IR absorption spectrum of

! K

amorphous 813N4 fiims shows an absorption peak for the Si-N stretch-

. ing band at a waveléngth between 11.3 and 12.1 microns. This rep-

- resents a shift to higher wavelengths from the absorption peak of

B-813N4 which bccurs at a wavelength of 10,7 microns.

Amorphous films of silicén nitride,show a conéiderable shift
of the Si-N stretching band to longer waveléngths° The maximum
occufs at wavelengths between 11.3 and 12.1p,ldepend1ng on the method
of preparation, and have a band widfh of 9 to.14p,Q.Absorptioﬁ peaks
for f- Si,N, occur at 10.7u with a band width of 9 to 13,. This

3 4

has been attributed to weaker bonded structure of the films and to

the distribution of interatomic distances(71).

A resistivity of 1019 ohm-cm at 400°C has been measured for both
pyrolytipally prepared films and RF sputtered films(71). Tﬁis.is
similar to that measured at room temperature.for’films prepared byw
the low température reéction of silane and ammonia in a RF discharge

(8-1016 ohm-cm) . Thié value decreases to 5:1012 dhm—cm for films

prepared at a silane/ammonia ratio of 0.5(42); Films prepared by

DC sputtering in a supbOrted dischaige have a resistivity of

3.4x1013‘ohm-cm which is low compared to that of other‘films(so).
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The index of feffaction of pyrotyticaliy prepared films varies
from 1.94 to 2.1 and is related tg rea;tang coﬁposition and prep-
\aration‘temperatufe. For high éilane/ammonia ratios, n is greater
than 2.1 indicating an excess of silicon in the films prepared at
ISOOOC and‘QOOOC, but n. femaihslless'than 2.1 for films prepared E -
at the same reactant compositions at 100000(43)° Films prepared

pyrolytically at 600°C and subsequently heat treated show a decrease

in index of refraction with increasing temperature. At a wavelength

~.

of 5000 &, n decreases from 1.96 at 600°C to 1.58 at 1300°C. Above

1200°C the films become visibly dull indicating a decrease in index

(51)

of refraction . The index of refraction of films preparéd by the

Plasma and sputtering techniques are in the same range as that of

the pyrolytically prepared films.

The density of RF sputtered films increases with increasing

(47,71)

sputtering power or voltage . This density range of 2.8 to

3.0 g/cm3 is about the same as that for films prepared by DC sput-
teringvin a supported‘discharge and for some pyrolytically grown

films(41). However, films grown pyrolytically by another invest-

igator(72)have densities Varying from 3.02 to 3.21 g/cm3 and films

prepared by'reducing SiBr4 in a nitrogen plasma have densities from

2.1 to 2.2)g/cm3° - These values approach the theoretical density of

3
3.18 g/cm .

{ ©

'Dieleétric strength measurements are_deﬁendent~on the type of

contact made to the film. A value of 8x106~V7cm was determined for

pyrolytically grown films using a lmm2 contact area and a value of

e I P R i T
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2.3x107 V/cm using a poiht‘contact(SI). The dielectric strength
of films prepared by reacting silane and ammonia in a RF discharge
depénded on the silane/ammonia ratio. The variation was from

6 | 6 » (42) .
6x10~ V/cm at a 0.03 ratio to 1x10° at a 0.50 ratio . Dielectric
strengths at an order of magnitude less were obtained for films

| _(46,50)

~pPrepared by DC sputtering in a supported discharge .

The dielectric constant is influenced by deposition conditions
and heat treatment. Pyrolytic films deposited at 600°C have a
dielectric constant from 5.6 to 6.8 which increases to 9 after heat

o _(51) |
treatment at 1100 C . Films prepared by reacting silane and
ammonia in a RF discharge show a strong dependence of dielectric
constant on the silane/ammonia ratio. The dielectric constant
| (42)

increases from 7 at a ratio of 0.03 to 11 at a ratio of 0.50 .
The dielectric constant of films prepared by DC sputtering in a 50%
argon - nitrogen atmosphere varied from 10 to 12, which is high
compared to that of 5 to 9 reported for the other deposition methods.
A microprobe analysis showed these films to be contaminated with

| (50) - |
silicon and 5 to 15% 5102 - RF sputtered films show a dependence
“of dielectric constant with sputtering power, increasing from 6 to

. .2 (47)
8.3 for power densities from about 1 to 5 watts/cm .

The energy gap of the films prepared by the pyrolytic methods
varies from 4.3 to 5.6. Pyrolytic films prepared at 600°C show a
variation in energy gap from 4.5 to 5.5 eV. The energy gap of
these films increases by about 0.35 eV as the heat treating temperature

increases from 600° to 1300°C(51).

‘‘‘‘‘‘‘
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Audio Frequency Reactive Sputtering in a Supported Nitrogen Plasma

Spﬁttering of metals is usually carried out by applying a_higﬁ' f
negative DC potential to the cathode which is made of the metal to 'H
- be sputtered. This pofential‘ionizes the gas atmosphere in the

.wsputtering chamber and attracts the posifive gas ions to the cathode 5

W target-material. The bombardment by the positive ions cause atoms ;
of the cathode to be ejected. These atoms condense on a substrate £

Placed near the cathode, forming a thin film of the cathode metel g

on the substrate. However, when reactively sputtering a metal in a é
reactive gas atmesphere, e.g8., silicon in a nitrogen atmosphere, to ~é

form an insulafing film on a substrate,back diffusion of the dielectric ’ ?

forms an insuiating film on the‘cathode surface. This insulating é

filp prevents the‘neutralization ef the pesitive charge which é
accumulates at fhe cathode surface'during positiVe ion bombardment. ?

The accumulated~positive charge repels the oncoming positive ions %

and reduces their kinetic energy to such an extent thet the sputtering é

rate 1s greatly reduced. The positive charge buildup can be | | é-
reduced by applying an RF potential to the metal cathode which will h

cause the cathode to be alternately ion and electron bombarded. The %
-positive charge buildup during the negative half cycle will be - 4
“neutralized by electrons attracted to fhe-cathede during the positive %

\ - . .
helf cycle. At RF frequencies, more electrons will accumulate at the %
a cathode during the positive half cycle than ions euring the negative | é

half cycle, since the electron mobility is greater than the ion

mobility. Thie negetive charge buildup causes the cathode to be .
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self biased negatively with respect to the plasma and sputtering of

the cathode will occur. If the frequency of the apniied RF potential
1s too low, enough positive lons can flow to the cathode dUring the
negative half cycle tobneutralize the negative\charge; and no
snuttering can take'piace. Frequencies in the low megacycle range
are needed for good*results(sz). The nse of RF energy is generiily
not desirable. RF energy-is a safety H%zard, power radiated causes
interference with other equipment in the vicinity, and the frequencies
available for use are limited by communication regulations making
elose frequency'co?trol_mandatory.

This investigation shows that large deposition rates can_be
obtained when audio frequency potentials areappiied to the cathode.

v | | .
This is accomplished by superimposing the audio potential on a DC
potential such that the cathode is driven slightly positive with
respect to the plasma during the positiVe half cycle. Electrons
drawn from the plasma to the cathode neutralize the positive charge
buildup caused by the insulating»film which has formed on the cathode.
A frequency of 10KHz was used in this experiment as a matter of
convenience. Frequencies in the low audio range can be used if the
polarityrreversal rate“is large compared to the rate at which
insulation builds up at the cathode surface.“

¢

Hollow Cathode Supported Discharge

To further increase deposition rates and improve the quality
of the resulting films, a separate discharge or source of nitrogen

iohs is used rather than depending on a high cathode potential to

. maintain a glow discharge. In thisvmethod the sputtering voltage




B
¥
b
i

16
SBerves only to ‘extract ions from the plasma and accelerate'them
toward the cathode. This results in much higher deposition rates
at lower sputtering voltages.

When an elemeutal cathode is bombarded by high energy ions,
atoms of the material having peak energies at about 20% of that of
theilncideht ion energy are.ejected. This energy is mostly in the
form of kinetic energy. .The atoms cendensing on the substrate
retain a large part of this energy in the form of surface mebility,
Hence films having a high degree of structural perfection are
expeeted.- However, it is 1iRely that some radiation'- like damage
te the film is done due to the high kinetic energy of the arriving
atoms and electron bombardment. An alternative 1s'tovdecrease the
sputtering voltage but the decrease in atom energy must be compensated
for by increasi;é the substrate temperature tomsintain surface
mobility of the sputtered atoms. Hence the feature of low substrate
temperature is lost at lower voltages.

By sputtering throughia dense plasma the elemental atous
sputtered from the cathode at relatively low potentia; will have
many inelastic.collisions with the plasma atoms and ions in dif-
fusing to the substrate. These collisions willitrahsform“the large
kinetic energy of the sputtered atoms to the'potential energy or
exclted states of the plasma. Hence the surface mobility of the

atoms is maintained at low sputtering voltages and low substrate

temperatures(73).
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A thermionic emitter may be used as the auxiliary plasma cathode

with a DC potential applied between the thermionic emitter cathode

and the plasma anode. However, to obtain higher plasma densities,

& hollow cathode is used .to generate the auxiliary plasma. The

- hollow cathode has been known for some time as a means of generating

relatively high - density stegdy state plasmas(§3’58). Compared with
normal glow discharges, the hollow cathode discharges have current
densities several orders of-magnitUde larger at léwer sustalning
voltages, the visible énd ﬁltraviolet radiation is more intense,‘the
plasma density‘is much higher, the V-I curves of sustaining voltage
versus discharge current méy have a negafive slope (negative

- resistance), and the vapor density of the cathode metal in the

(54). Musha (23,54) developed a

cathode cavity is extremely high
theor§ of the negative resistance 6f hollow Cathode discharges based
on considerations of energy.balance composed of radiation and heat-
ing components. He concluded that the slopé of the V-I curve is
grgatly affected by fhe rate of increase of radiation power compared
to the discharge current. The two necessary conditions for a
negative}résistance to appear are as follows: (1) The radiation
power must 1ncfease with an 1n¢réase in discharge gurrent, (2) WB
must be larger and V, smaller than the sustaining voltage, where

and

_‘Vaz' - Vi'- Va +2 (1 + %)V, | (5)

ST AT TR ST LR




18
'ﬁere Y4 is the coefficient'of secondary_electron'emissiohdat the
cathode by'ioh bombardment, 7p is the coefficient of phofoeléctric
emission at thé-cathode, eV, represents the mean kiﬁetic energy of_
an electron, Vy is the ionization potential of the filling gas, and |

Va is the anode fall_potential(54). In general, the V>I,curve

! b
¥

vdepends on the geémetry.of the cathode tube, the materia; Qf the
cathode, and the filling gaé.- The effective ioﬁization potential of
the mixture Qf sputtered metal atoms and the filling gas decfeaégs
as.the discharge tube becomes smaller. This in turn makés Va |
small and negative slopes are easier realized. Thus, a small hollow
cathode tube is desirable. The most effective process in the héilow
cathode. is sputtering of the cathode which emits radiation that
‘;1ncreaseS‘ﬁith 1ncreasing current and reduces the effective ionization
potential of the filling gas.

In this investigation, physiéal properties of silicon nitride
thin films were experimentally determined. The films were deposited
on polished silicon substrates by éudio.frequency spﬁttering through
a hollow cathode supported nitrogen plasma. The index of refraction,
dielectric strength, density, infrared absorption spectrum, and
optical energy gap of the films was measured as functions of substrate

temperature and plasma current.
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EXPERIMENTAL DETAILS

Description of the Apparatus
Sputtering of silicon nitride films was carried in a quartz

deposition chamber made in the form of a cross (see Figures 2, 3,

‘and 4), The target silicon cathode and anode are contained in the

vertical portion which 'is made of 556mm diameter quartz tubing. The
nitrogen plasmé is generatéd-in the‘horizontal arms. A hblldw
tantalum cathode in'one arm and associated anode in thé opposite
arm are separa‘ted,By about 10 i‘nché's. | The afms are made‘ of 'l3_nlm
diaméter'qdértz tubing. The ta;get céthode is high purity, 100
'ohm-cm, polycrystalline silicon; This silicon cathode is bqnded
to‘a pyrex glass tube which in turn is joined to a pyrex ground
Joint providing a vacuum seal'with_the quértz chamber. This allows

electrical connections to be made to the silicon target externally,

~ Another cylinder of high purity silicon is used as the substrate

holder and anode and rests in a‘Wat;r cooled copper‘support which is
inserted into the quartz chamber via a vacuum seal. A sérew ad just-
ment is providfd in the support for varying the distance from the
subétrate to the target. An opening in the copper suppgrt provides
a8 means of measuring the pedestal temperature by means of a tﬁermo—'
couple. The pedestal is heated By a 4OOKHz'inductionlheater.

The hollow cathode is made of tantalum tubing (} inch diameter,

+005 inch wall thickness, and 3 inches long). A roll of .003 inch

thick tantalum foil is inserted into the end of the tubing to a .

distance of 1 1nch(73). During operation the inner turns of the
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FIGURE 3

Photograph of Sputtering Chamber

r~

T ———




Yo

FIGURE 4 =

Photograph of Sputtering Chamber in Operation
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inserted roll act as a hollow cathode itself and thereby limits the

- sputtering inside the hollow cathode to the outer end. This allows

the main tube to operate at lower temperatures and results in less
power loss in the gathode and hence a more efficient hollow cathode

operation. The hollow cathode is connected to an aluminum vacuum

couple to provide external electrical contact. Gas is fed into the

diameter teflon tube connected to the aluminum couple serves as a
flexible connection and electrically insulates the gas source from

the hollow cathode. The flow of the‘high purity (99.98%) nitrogen

Before the gasesnare'introduCed, a mechanical pump evacuates

the quartz system to a vacuum of 1 micron, The pressure is measured

with a thermocoup1e~type vacuum gage.

The plasma anode located in the horizontal arm opposite the
" ¢

hollow cathode is a copper cylinder which is water cooled and gold

Plated and 1s 3/4 inch in diameter and 3 inches long.

The temperature of the substrate during sSputtering is measured

by a Latronies model BC711 optical pyrometer focused on the surface
of the silicon wafer, The optical pyrometer was calibrated by

heating the silicon pedéstal that supports the silicon substrate to

& temperature of 700°C and making simultaneous temperature measurements

s et st .
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'with the opticai pyromgper and a thermocouple inéertéd‘through an
opening in the pedeéfal. The emissivity of the silicon was
determined to be 0.75. The distribufion of the plasma in the sput-
tering chamber was varied by meahs of a mggnetic field supplied by
per@anent magnets. The field strength at;the center of the
deposition chamber was approx;matély 64‘gauss as determined by Hall_
probe méasurgments. |

The sputtering and plasmé voltagés gre applied.as shown iﬂ
| Figure 6; both are floéting with respecf to ground pbtentiai. The
hérizontal plasma portion of the circuit contains a 100 ohm ballast‘
resistor connected ih series with the variable DC power gupply
and the hollow cathode and‘énode. The power-supﬁly is'an Opad
model Sﬁ-lOO and is capable of supplying 10 amperes at 1000 volts.
The vertical sputtering portion of the circuit consist of a variable
Consolidated Electrodynamics Corporation LGO31 DC power supply in
series with an AC supply. The’AC supply-is a Hewlett Packafd model
- 205AG 30KHz variable audio frequency oscillator which drives a
'Bogen model MO200A, 200 watt, audio frequency power amplifier. The.
output voltage of the power amplifier is-inéreased to-a peak to peak
value df about 4KV makimum'by the stepup transformer which aléo
serves to isolate the circuit. The maximum AC voltage capability
is determ;ned'by.the impedance of'the nitrogen‘plésma and is about
3200 volts peak to peak at a plasma current of 5.0 amperes. The
~output capability of the CVC-power‘supply is 5KV at 750 miliiémperés.

An oscilloscope is used to detefmine the relafive AC and DC voltage

pA)
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FIGURE 5

Photograph of Experimental Apparatus
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amplitudes applied to the sputtering electrodes. A photograph of

the experimental apparatus is shown in Figure 5.

i

Deposition Conditions and Procedpre.

The silicon nitride films were.deposited on single crystaln
silicon wafers which are .007 inch thick and 7/8 inch in diameter.
The wafers have a (111) crystallographic orientation, a resistivity
of 6.5 ohm-cm, and are phosphorus dopéﬁ. Prior to the deposition
of silicon nitride on the silicon wafers, they are cléaned by the
following procedure:

1. Degrease wafer with trichloroethylene solvent for 2 minutes
in ultrasonic cleaner. | '

2, Ultrasonically clean the wafer in wetting agent #9117
(Leconal, diluted to a 2% concentration by volume) for
15 minutes.

3. Rinse wafer in flowing deionized water for 1 minute.

4. Boil wafer in 15% aqueous Hg0, solution for 15 minutes.

5. Rinse wafer in Ilowing’deionized water for 1 minuté.

6. Efch in 10% aqueous HF solution for 30 seconds.

7. Rinse wafer in flowing deionized water for 5 minutes

8. Dry wafer in flowing nitrogen.

Nitrogen is relativély difficult to ighite compared to some of
the other gases. With the experimental configuration used in this
investigation, potentials of aboﬁt 1000 volts at’a_pressure of 1000
microns are required. For this reason argon, which will ionize at

about 700 volts at a pressure of 1000 microns, was used to start

the plasma discharge. The nitrogen was then admitted into the

‘chamber and the argon turned off.
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A nitrogen:preSSure of 200 microns was uéed throughout this
experiment. The nitrogen plasma could be maintained to a pressure
a8 low as 50 microns. This could probably be extended into the 1low
micron iange.by Lntroducing‘a magnetic field around the hollow
cathode by means of 1 solenoid. Plasma currents'from one to five
emperes were used in thie experiment; the voltage drop across the
glasma varied from 210 to 160 volts, This represents a variation
in plasma power density from‘7.2 to 16.3 watts/cm3, and an electron
energy from 1.5 to 3.1 electron volts.as determined by Langmuir
probe measdrements using the dpuble probe method of Johnson“and
Maltep(sg).

The substrate temperature was controlled’during deposition by
heating the substrate support with RF inductioh heating or by

| /
water cooling the substrate support. Due to the heating effect of
the plasma and Sputtering current, the substrate could not be cooled
below 200°C. The maximum substrate temperature used ihgthis experiment

was 600°C.

Most of the films were deposited at a sputtering current of 100 ma

- with the applied vol tage varying from 4KV peak to peak at a 1.0

ampere plasma current‘to 1.6KV peak to peak at a 5.0 amperes plasma
current (see Figure 7). The frequency of the sSputtering potential

was held constant at 10KHz throughout the experiment.
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- ) - o Waveform of Cathode Sputtering Potential Versus Time
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-~ MEASUREMENTS

. Index of Refraction and Film Thickness

An ellipSQmeter was used to determine the fi1m~thickness and
index of refraction of the silicon nitride films cn_silicon sub-

strates. The eilipsometer is an optical instrument that measures

Suppose that plane pOIArized light is incident at an -angle of 45°
te the plane of incidence. This vector can be resolved into two
ednal components. One is in the nlane of incidence and is denoted
Ep. The~other is perpendicular to the pPlane of incidence and is
denoted ES.

1f the refiecting object is non-metallic, both components
after reflecticn have suffered a 180° phase shift and.the relative

amplitudes have changed as indicated in Figure 8a. The relative

phase shift, A, is given by | ~

A= 5 - 6 | (6)

where 5p and 63 is the phase change due to reflection in the p
and s components respectively. For the case mentioned above,‘
A= 0, and the reflected wave remains plane polarized (see Figureh 8a).
If the reflecting cbject is metallic, the reiative phase shift
will be other than zero and will be accompanied by a change in

amplitude. The result is that the reflected wave is elliptically

) polarized as shown in Figure 8b. The ellipticity of the reflected

wave will be changed by an additional amount if g thin insulating




'31 |
INCIDENT LIGHT REFLECTED LIGHT
| |
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FIGURE 8

Effect of Reflection on Linearly Polarized Light. .
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film is present on the metallic‘éurface.‘

Theoretical expressions can be derived using exact reflection

. theory which relate the changes in amplitude and phase to quantities

measureable on the ellipsometer. A derivation of the reflection

equations.which relate index of refraction and. film thickness to the 5

phase change, A , and amplitude change, Y , follows,
4For reflection of plane polarized light at the plane interface

between two isotropic media of index of refraction n_ and nl,the

ratio of reflected/incident amplitudes is given- by.

-

, n, cos ¢, - n, cos ¢;

1p n; cos P + n, cos ¢1

S (7)

r n, cos ¢ - n; cos ¢,

1s 8)

n, cos ¢O‘-+ n, cos ¢1

These are the Fresnel (amplitude) reflection coefficients for
plane polarizedilight in which'the electric vector components lie'
parallel (p) and perpendicular (s) to the plane of incidence as
shown in Figure 9. Eéuations (7) and (8)/;re obtained from the
applicati;n of Maxwell's equations with appropriate boundary
conditions.

The reflection of linearly polarized light from a metallic
surface covered with an insulating film can be described 15 terms-

of the Fresnel equations(GO):

r + -ix
1p © Tap © 9)

R
,._B e P = 7
Ep X




vhere:
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.33
-ix
ES -ix

r. = _%Y = %_mplitude ratio of reflected wave
p component (Rg) and incident wave
component (Ep).' |

¥

a0

Yg =_E§ = amplitude ratio of reflected wave
\ Es  component (Ry) and incident wave

component (Eg).

phase chaﬂge of p wave component.
phase change of s wave éomponent.

amplitude ratiO,.ElE » for single reflection of the p
| Ip |

wave at the air '~ film interface.

amplitude ratio, R2p , for single reflection of the p
Eq |
p
wave at the film - substrate interface,

R .
‘amplitude ratio, _18 | for single reflection of the s

.Els

" wave at the air - fid¥m interface.

amplitude ratio, R2S » for single reflection of the s

EZS
wave at the film - substrate interface.

optical path difference between the beams reflected at the

air - film interface and those,reflectediat the film -

-substrate interface.

B
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PLANE OF INCIDENCE
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FIGURE 9

(é) And (b) The Orientation of the S and P Wave Components for the
Incident. Plane Polarized Light at an Angle of 45° to the Plane of

‘Incidence. (c) The Reflection of Plane Polarized Light From a Film
Coated Substrate. , '
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| Equat:lon_é (9) and (10) are obtained by summing mﬁltiply reflected

beams and represent the amplitude reflectance of the.‘fil‘m - substrate

Fn T SIS AL T Tl AT e TR

combination.

The optical path difference can be written in terms of the

thickness and index of refraction of the film. The path difference,

X, between the ray reflected at the surface of the film and that

traversing the film and reflected from the substrate is seen from

Figure 9c to be

X = [(AD + ADB)nf - AC ]..2.;‘7.'.'_ | | (11)

The lengths AD, DB, and AC can be expressed in terms of the film
thickness, d, and incidence and refraction angles, d>0 and ¢,,

respectively. Thus y

2dng 2dng sin ¢1 sin ¢O 2r (12) . z
x .

X =

cos¢l cos ¢y

-nd

This expression can be further simplified by substituting svin ¢o

D T I et v

n
f
for sin ®,, which is permitted by Snell's law. |
27 | ‘
X = ( N )Zdnf ces ¢ (13) |

ne cos ¢1 can be replaced by Dg ‘/1 - sin2 ¢'1, which in turn can be

2 2
written as.J ng - sin ¢ _ . This results in the final expression for

the path difference in terms of n

e £ ¢o’ and d.
2 2 2 . “ |
X =(T)2d‘/nf - sin d>0 o (14)

The azimuth of the restored plane of polarization is defined by

tan y = ry/r ' a8
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4= kR i 5, L - ae

The ratio of (9) and (10) gives the fundamental equation of

ellipsometry. | |
1A 1p t+ i‘z e_21 | -
! | tan y ¢ = _1P P e
21

« _ 1+ rlpere

: ﬂ | -21
| : | ¢ 1+ ry_rq.e |
; ' ' ' rlS . vrzse

where

0 = 12{.= 9.)6.\_0 d (n? - sin? )%‘ degrees (18)

- . . el e e e geeen e
o VLt e S A R At S T g gt A R I T, =
X ¥ 20 T SR T T R L v i LT h(un.-.qvvmr_.a&,\ruh‘_:»v).»:./..\'f-:. P T ot A S _—

The ellipsometer measures A and ¥ .

The Fresnel equations (7) and (8) written for the two boundaries,

alr - £film and film - Substrate, are as follows:

. = nf'coshcbo - n,cos ¢1‘_
1p _—
' ngcos ¢ + n,cos d’l

n,cos ‘¢0 - ngcos @,

n,cos ¢o nyCOS ¢1

(19)

-
w
]
+

NgCOS @; - ngcos ¢,
ngCcos ¢ + ngcos o

A
[

‘T
!

nfcos$¢l~ - ngcos ¢2

29{ | ncos ¢, + n.cos b0

H
I

The indices of refraction and angles of inci,dence, reflectance, and

refraction are defined in Figure 9c,
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Substitution of (19) and (18) into (17) and replacing cos ¢b
and cos ¢ by functions of (¢ yNp ) and ( ¢ ,ns) respectively by
use of Snell's law give an expression fo: tan.¢_eiA' which is a

function of'na,nf,ns,d, ¢Q, and A ., Since all these quantities

an iteration process or computer generated tables or graph.

Archer(sl), with the‘aid of a computer, showed thét the exact
reflection theory can be used to determineAthe optical constants of
surface'films withouf the thickness limitations of approximate theory.
He measured index of refraction and thickness for a variety of different
films on silicon and concluded that the accuraéy of thickness
determinations is about + SR and about 1+ 004 for the index of

refraction.

A plot of A versus Yy as a function of Index of refraction and

fixed constants: angle of incidence 70.000, wavelength 54613, and
the complex index of refraction of the silicon substrate of 4.050 -

- .0,0281, A copy of this plot of approximate size»one meter square
was used in this experiment to obtain g graphical solution to
equation 17.

%

Each curve in the graph is the locus of points‘of-increasing

thickness for a film of constant index of refraction. A and y are
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cyclic functions of 161;'or thickness; and repeat periodically every
180° change in. 0 . For a film having an index of refraction of
1.95, this corresponds to a thickness period of 16008, Consequently,
an approximate thickness within this range must be known.

A significant property of the dependence of A and \b on the
index of refraction of transparent films is that no two curves:
overlap»or intersect except for very low and very high indices-of
' refraction. Consequently, for all practical purposes, each point
in the plane corresponds to a unique value of index of refraction
'and thickness of the iilm.

A schematic diagram of the ellipsometer used, a Gaertner
Sclentific Corporation model. L118GT, is shown in Figure 10 along
with the light source, monochromator, and detector portions of a
Zeiss 11 spectrophotometer. A photograph of,the ellipsometer is

shown in Figure 11. Collimated light from the monochromator is

the quarter - wave plate and-is incident on the sample. The -
reflected light passes through the Nicol prism analyzer and into
the detector. The quarter - wave plate compensates for any ellip- |
ticity in the reflected light, and thus restores it to linear
polarization which can be extinguished by the analyzer. The
analyzer, polarizer, and quarter wave plate are all mounted on
divided circles which are free to rotate through 3600; angies can

" be read to the nearest tenth of a degree.

A typical setting of the compensator and analyzer for extinction

o




ANGLE OF' INCIDENCE )

ANALYZER » COMPENSATOR

POLARIZER - IR .

6€

MONOCHROMATOR

|

| ; | .

LIGHT SOURCE = T . ﬂ

| FIGURE 10 ‘

.

Schematic Diagram of Ellipsometer and Photodetector C




FIGURE 11
Photograph of the Ellipsometer and Spectrophotometer Used
to Measure Film Thickness and Index of Refraction
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L of an elliptically polarized reflection for an incident polarization
of 45° is .shown in Figure 12, The fast axis of the quarter wave
plate is adjusted to coincide with themajor axis of the ellipse.'

' This restores the light to linear vibration in t,hc' direction shown_

which is dependent on the ratio of major to minor axis of the ellipse.'

Henceyx y is rela’ted te the analyzer setting required to extihguish |
the light. The rotation of the ellipse, determined by the quarter -
wave plate setting, is re‘lated to the relative phase change between
- the p and s waves, or '.A .

If the fast axis of the quarter - wave plate is fixed at 452,
the beam reflected from the sample can be extinguished by adjusting
the analyzer and polarizer orientations, Normally, angles are
measured relative to a coordinate system in which the positive 4.
axie is in the direction ei propegation of the light beam and'the'
X% plane is the plane of'incidence.‘ if the settings of the polarizer
and analyzer at extinction are de‘signated'as P, and Ao respectivelyv,

the relation of A and § to P and A, is (61)

tan 4 = sin §_ tan (90° - 2P ) (20)
- tan Yy = cot L tan (-A,) - (21)

where |
cos2L = -cos 6q cos 2P, . - (22)

& 1s the relative retardation of the quarter wave plate and is very
q - _

close to 90° for a wavelength of 5461%. Hence (20) reduces to

A =90 - 2PO - _’ | - (23)
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" RESULTANT COMPENSATOR

LINEAR ANGLE
£ VIBRATION
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INCIDENT LIGHT | - REFLECTED LIGHT

FIGURE 12

Effect of Reflection From a Transparent Film on a Metalic Substrate
on Linearly-PolariZed.Light; '

\

Al DOTS
S1,N,
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SUBSTRATE

FIGURE 13

Schematic Diagram of Test Circuit Fop
Dielectric Strength Measurements
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and (21) becomes -

Y= -A e ”' " (24)

'Densi ty

The density of the sillicon nitrAide fiims was determined using
thickness and microbalance welght measurements to éé.lcﬁlate the |
density. The weight of the silicon nitride film was determineci by
weighing the silicon substrate before and after depositing thé
ﬁsiliéon ni tride filni. For'weight changes of 100 micrograms and
thicknesses of about IOOOX, the accuracy of' fhe density measurements

1

is about + 4%.

Dielectric Stréngth
i | |
When an insulator is placed between two metal plates and a
large electric field is applied, a relative large current will flow

between the plates when the electric field reaches a critical value.

This critical field is called the dielectric strength of the insulator.

The breakdown processes in insulators are not well understood, but
it is possible to distinguish five distinct processes (62):
1. Thenna‘l bréakd_own 1s produced when ionic currents generate
heat at a rate greater than it can be dilvssipated bly'tl;e
insulator. Since the heat conductivity of 1nsu1ator$ 15

small, it is possible that temp'eratures.greate’r than the

melting point are attained in parts of the insulator. " T

This melting enhances ionic mobilities and electrical

" breakdown occurs.

N

T e — A A AR ekt R 4_’_4_::,‘:;.____1:‘_?..!-:‘_ -
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3. Electrolytic.breakdoﬁ; cah occur when cohducting paths form
with the aid of dislocatioﬁs, grain boundaries, or other
imperfections in the insulat?r. .

3. Dipole breakdown may be éaused by polarizable atoms“

# '(molecules) or pefmanent diﬁoles_already present in the
insulator. When such dipoles sufround a stressed region,
they can producewlocal imperfection or impurity states
lying-in the forbidden - energy gap of the insulator,.and
the lpwerionization potenfial of eléctrbns'attached to A - f
dipolgf then facilitate breakdown.

4, Colli;;on breakdown may occur when impurities in the
insulator prbduce some eleétrons available for conduction,
When the eneréy of these electrons become sufficiently
great they collide, producing ever-increasing numbers of
electrons and holeé and avalanche breakdown occurs»similaf
to that in semiconductors.

N 5S. Gas - discharge'breakdown can occur in insulators that}

/ ) | o confain occluded gas bubbles. The electric field required
to ionize the gas (~104 v61ts/cm) 1s much less than that
required for bfeakdown in an insulator (.~106 volts/cm).
The gas ionizes and then bombards the insulator’s internal
surfaces, causing them to deteriorate, until breakdown
occurs.

~—

One of the electrical contacts to the insulator film is the

sllicon substrate, and the other is .010 inch diameter aluminum dots
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‘evaporatsd on the film snnfscei Thé'dbts, 9 per wafer, are s paced

. uniformlyvover the film surfacs. Contact to the dots is made using

a micrometer probe. The break%an potential of the films 1s measured
using the test setup shown in Figure 13. The DC potential applied

to fhe silicon nitride film is increased until breakdown occurs;

this is evidenced by an instantaneous voltage appssring across the
resistor, R;‘and displajed on the oscillo;cope. The ratio'of this
dpen circuit potential to film thickness is the breakdown or dielectric

strength of the film,

Energy Gap | |

Optical transmission méasurements were used to determine the
energy gap of‘the silicon nitride films. The optical absorption was
6btained as a function of wavelength using a split beam Carey 14
recording spectrophotometer operating in the 0.20 to 0.40, range.
Films having thiéknesSes from 900 to 64008 on fused quartz substrates

were used for all measurements.

Optical absbrption ln solids may be divided into the‘following
principal processes(GS):

l. Excitation of electrons across the gap from the valence
band to the conduction band. h

2. Formation of excitons.
3. Excitation of lattice vibrations.

4. Absorption due to the excitation of electrons and holes
within allowed bands. |

5. Absorption due to the presence of imperfections.

- 6. Excitation of electrons and holes from one band to another
-~ of the same type.
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Of all the ébsorption prdcesses‘listéd, 6n1y the one involving
excitation of electrons from the valence band to the conduction
band is useful iﬁ de%ermining the energ& gap. The selection ;ule
which determines whether or not the transition across the gap 1is
allowed is that Ak = 0, i.e., a transitionAindicated by a verticai
line on an E versus k plot, where k'is the Wave,number and E 1is
energy(66). Such vertical or direcr trahsitions are the only
important transitions when the minima of the-conduction band lie at
the same part of k sSpace as the maxima of the valence band. 1In
Ge and Si and pProbably in many other materials, the conduction and
valence band extrema are not located at the same value of k. 1In
this case there is thé possibility of indirect transitions, Ak # 0,
as well as direct transitions, Ak = 0.

Theoretical expressions‘have been derived(64’67’68) which
permit'discrimination between direct and indirect transitions on the

basis of both the magnitude of the absorption coefficient and the

dependence of absorption coefficient on photon energy. The absorption

coefficient usually reaches 104 to 10° cm-1 for direct transitions
and 10 to 103 cm-1 for indirect transitions. The dependence of
absorption coefficient, @, on photon energy, hy, and energy gap, Eg,

for allowed transitions at k = O 15(68)

o o« hy - Eg (25)
- for direct transitions, and
@~ oC hy - Eg " (26)

for indirect fransitions.

AP o iV A
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If the transition at k = 0 18 not allowed, then
a?/3 o hy - Eg o | | . . (27)

for direct transitions and

« P - (28)

for indirect transitions.
| In practice, for allowed trahsitions for examﬁle, a? is
Plotted against photon energy to give a straight line for direcf
transitions. The extrapolated intercept of this straight line
with the energy axis gives the energy gap for direct transitions;'
If sample imperfections o? the spectral bandwidths!used experi-
_meﬁtally are such that interference effects are not resolved, the

observed transmission 15(69)

2
(1-R)? (14+59)

éad_Rze-ad

where
a = absorption coeffic:lentfin'cmm1

d = film thickness in cm

R = reflectivity of sample
n = index of refraction
k = extinctibn coefficient

In any practical experiment on insulatons, k2<< n2 and e2ad>‘> Rz

so that (29) becomes

T = (1-R)%2e” ¥4 - : ﬁ» 1(30)

(29)
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If (30) is inverted and the log is taken of both sides, then

l ‘ 1 ad | |
log 1/T = log T-m2 * 7308 . (31)

‘Thus, the log 1/T versus d curve is a straight 1ine at a
particular wavelength 6f radiation with the intercept on the log 1/T
| 1 L '
axis of log .. Hence R can be solved for directl . This
Tt ame » by a8
method was used to determine R for the silicon nitride films used

in this investigation.

The transmission absorption.measurements can now be used to

determine the absorption coefficient as a function of photon energy. y

The absorption coefficient, from (31), is given by

p_—

, 2] |

- =T -d

Since log_i/T 1s given as a function of photon energy by the trans-
mission absorptionvmeésurements, a can be determined as ga function
of photon energy and used to determine the energy gap as discussed

~ previously.

Infrared Spectra

The iﬁfrared absorption specfra was det;fmined at wavelengths
~of 1.5 to 15 microns with a Beckman IR-4 double beam spectrophoto-
; meter. Transmiésioh spectra were determined for 1 micron'thick D
<i~; films of silicon nitride on 0.007 inch thick silicon wafersreigtive - -

to air. The scanning speed was 2 microns/min.
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RESULTS

-Index of Refraction - | PR

SRRSOy Y

' The index of refraction of the'silicon nitride films prepared

at substrate temperatures from 200° to GOOOC and plasma currents from

1 to 5 amperes is in the range of 1.93 to 2.08. The average value
~ ; .

A R L e e ST e e LR LT R

is 1.97. The dependence of index of refraction, n, on substrate

temperature and plasma current are shown in Figure 14 for deposition

rates less than 300 X/min. Each point on the graph represents the : 3
average value of n for the particular deposition conditions. The .

"index of refraction has a slight variation with temperature and
plasma,current, but no definite relationship can be established.

Film density was found to be approximately linear with index

of refraction as shown in Figure 16. The 1index of refraction approaches

the crystalline value of 2.1 as the density approaches the theoretical E
value of 3.18 g/cm . If the curve is ‘extrapolated to lower levels,
it intersects the axes at the origin as expected.

Density o *

The density of the silicon nitride films prepared at deposition

rates less than 300 X/min. ranges from 2.90 to 3.14 g/cm3. At ;
\ , ,,

deposition rates greater than 300 X/min , the density decreaSes,with

increasing sputtering rate. This dgcrease in density is accompanied

by a decrease in the index of refraction as illustrated by Figure 16 o 1

The ‘dependence of density on deposition rate is shown in Figure 15.

N Dielectric Strength

@
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vary significantly over.the range of tempereture.and plasma current
¥ | - '
studied. The average dielectric strength of the films is about
| 6:;'106 V/cm and does not vary appreciably with‘index of refraction

as shovn in Figure 17. The range of dielectric strength is from 0.2
| to 2.2x107 V/cm for n/from l.é to 2.08.

Energy Gap

‘Before the energy gap of.the silicon nitride films'can be found

it is first necessary to determine the film reflectivity, R in the

region of the absorption edge. It was shown in equation (31)

log 1/T = log 1/(1 R)? +ad/2.306 | © (31)
that a plot of log 1/T versus d should be a straight line at a fixed
wavelength of light. If this straight line is extrapolated to zero
film thickness, the value of log 1/T at the intercept point on the
log 1/T axis will be equal to log 1/(1-,R)2 which§can be solved for R.

Figures 18, 19, end 20 are plots of logll/T versus film thick-
' ness for'films prepared at deposition rates of 200, 636, and 1600
X/min. respectively. The dependence yields a series of straight lines

| | | . |

with a different line for each‘value of wavelength. The extrapolation
to zero thickness gives an intersection at a common point on the
log 1/T axis. The wavelengths used in the plots are at the ultra-
 violet absorption edge of the films. The values of R thus-determed
are .06, .04, and 01 for films prepared at depositions rates of |

. 200, 636, and 1600 x/min respectively. Since the index of refraction

decreases with increasing deposition rate, it follows that the value

&

- of R should decrease with decreasing index of refraction.
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With the values df.R determined above, equation 32 can be solved

for the absorption coefficient, a, as a function of photon'energy.'~~"

Equation (25) relates photon energy to the absorption coefficient |
for allowed direct transitions.
2

2 versus hv should be a straight line in the'fegion

Thus a plot of o
of the absorption edge. If this straight line is extrgpolated.to
the energy axié, the intercept is the value for the energy gap of
the film. Figurés 21, 22, and 23 ére plots Oftlz Qersus hy for

films deposited at rates of 200, 636, and 1600 &/min. respectively.

- The points in the region of the absorption edge fall on a straight

line as predictéd by equation 25. The values of energy gap determined
from these curves are 5.72, 5.81, and 5.90 eV for films prepared at
deposition rates of 200, 636, and 1600 R/min. respectively. The

peak absorption coefficients are 1.89x105, 1.22x105, and 1.6x104

~cm  in the order of increasing deposition rate for the above films.

Figure 24 shows the dependence of index of refraction on energy

~gap of the silicon nitride films. The index of refraction decreases

rapidly with increasing energy gap to a value of n of about 1.50
where the slope becomes@more gradual.

Infrared Spectra

Infrared spectra plotting transmiésion versus wave number in
cm.-1 of six samples of silicon nitride prepared underavarying

conditions are shown in Figures 25, 26, and 27. Sample 25-1 of

| | - e o
Figure 25 was prepared at a substrate temperature of 600 C and a
{
Y

@ o hvy - Eg - R i | (25)’.
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plasma cﬁrfent pf;5.0 amperes. Sample 25-2 was prepared at a seb-'
Astrate temperature of 40090 and a plasma:current 1.0 ampere..'The
deposition rate of both semples was ZBO‘X/min. An absorption peak'
occurs over a broad range from 10.1 to 11.9}4and‘frem 10.8 tb‘11.3u
for samples 25-2 and 25-1 respectively.,

The samplee in FiguresVZG end 27 were prepéred at a substrate
temperature of 4OOOC and a'plasma current ofH5.O amperes. The
deposition rate for samples 30-1 and 28-4‘was 500 and 1000 X/min."
respectively, and that for samples 28-2 end 28-3 was 630 and 1600
X/min. respectively. The absorption»peak‘for all four samples occﬁrs

at about 11.1u . An expanded plot of transmittance versus wavelength

in the region of the absorption peak is shown in Figure 28.
| . -2 . ‘

Etch Rate

The etch rate of the silicon nitride films in buffered HF as a
function of index of refraction is shown in Figure 29. The buffered
HF was prepared by dissolving 40 grams of NH4F'1n 60 cc of deionized

water and adding.ls cc of concentrated HF (49%). The etch rate was

found to increase with decreasing film density.

R AR R A 2 S R A e e L 0 N A AT e o NG S YT LN T A T

R 2T P is At MR e |




e e e gt A o AR T P L S L B b SASE e e DT . i
. i

— — — —  -1.0 AMPERE PLASMA CURRENT

' ~3.0 AMPERE PLASMA CURRENT
— — —  -5.0 AMPERE PLASMA CURRENT
e

2.0 —_) — — — — - — & — »
'H_‘,——'-*- -'-‘—__“-".9__‘--_—,—-_---_—---‘_ -

O

200 300 400 500 600

T(°C)

FIGURE 14

Py

Index of Refraction Versus Substrate Temperature of Silicon Nitride Films

7
“




2.0

DENSITY (g/cm3)

S

0 200 400 600 800 1000 1200 1400 1600

Q
DEPOSITION RATE (A/min)

FIGURE 15

Density Versus Deposition Rate of Silicon Nitride Films
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Absorption Coefficient Versus Photon Energy of Silicon Nitride Films.Grown atwa,
Rate of 200 Z/min. The Energy Gap is 5.72 eV,
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TABLE I1
COMPARiSbN'OF THE PHYSICAL PROPERTIES OF SILICON NITRIDE FILMS ‘PREPARED BY THE VARIOUS
TECHNIQUES WITH THAT OBTAINED IN ‘THIS: INVESTIGATION " ‘
Ts _ﬁa. SiH, Vac vdc . P 'IRQ R n P E Ko Eg
°c) X/min. NHy kpfﬁ] A I ) (Qecm) g/cm V/cm (eV) Ref.
: : 7 -
PYROLYTIC: 600 11.5 5 1,94 .8/2.3:10 | 5,6-6.8]4.5-5.5 | 51,74
900 | 12.0 10 1.98 ~107 6.2 71
| ] | 800-1000 5000 | '1/40-1/20 3 2.1/1.98 | . 43
1.S1H,+NH, \ 700-1150 | 1500 | S 2.0 | ~ ho®-107 8-4 4.3 | a4
750-1100 850 1/40-1/20 . (10-12)12 2.0/2.06 3.02/3.21 6.34 . 72
| 800-1200 400 1.975/2,02| 2.78/2.92 |- 41
2.51C1,+NHg 550-1250 .| 600 v 1.99/2.01 ~107 7 5.6 45
PLASMA ACTIVATED y
CHEMICAL VAPOR :
DEPOSITION
1.RF DISCHARGE . 1 L6
(SiH +NH3) <500 ~200 .03-..50 11201 | 810" l-1-10° 7-11 - | 42
b.(S1Br,) . 400 .1%SiBry 1000 1.93 3.1/3.2 " a8
SPUTTERI NG
1.RF, Si N, Cathode |
-in Ar ‘ . 100 o 12 8.6 46,50
2.DC, Si Cathode in 200-400 3 2-5 10 ) 47,71
N B 1) :
2 . L :
50% N,+50%Ar 60- 1.5 150 10-12 50
3.RF(13. ), st 25-500 200 3 .5 5-25: 11.3 $301% - R e el e
_ ’ 25-500 ( L. -25; 11.3 310" 2.05; 2.8/3. 6-8.7 ‘4=
Cathode 14 N, _ d , g; 2.8/3.0 6-8.3 4-6 47,71
' 0-2 1 . PR IR & I : > 1
4.DC, Si Cathode in 50-230 110 .8 1.5 1250 3.4:10°° ] 2.1 2.82/3.02] 1.2-6.0 6.2-6.8 46.50
N, Supported : ' '
2 10° *
‘Discharge x
5.AF, Si Cathode in | 200-600 300 1.5-3.6 | .8-1.5 | 200 11.1 1.97 2.9/3.1* 6x108 s 72 | hie
N, Hollow Cathode (10.1-11.9 - Exp
Supported Plasma . . :
T8 = Substrate temperature = Dielectric strength
Ry = Deposition rate = Dielectric constant
Vac= AC Sputtering potential Eg = Energy gap i
P = Gas pressure _ = Film resistivity
IR = Infrared absorption peak. Ref = Reference -
p = Film density
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 DISCUSSION

| Siliéon-nitfide filmé depositéd.on polished}silicoﬁ subst?ates
g-bé §udio frequéncy reactive sputtering'were}found to be amorphous at
,substratevtempérétures up to 600°C’and plasmécurrentsup to'5.0
.amﬁeres. .This»is alsb the case for films deposited’by the’pyrolytig,
plasma activated chemicai vapor deposition, and sputtering

methods(7l’48)

to 90000 where some crystallites begin to form(43).

The propertie; of the silicon nitride films prepared by audio
frequency sputtering are comparable to the propertieé of films |
prepared by the above techniques and .in some cases superior for
particular applications. The mean index of réfraction of 1.97 and
the range of 1.93 to 2.08 is in agreement with that of 1.93 to 2.10
measured oﬁ films prepared by the other techniques_shown.in Table 1I.
The deviation of the index of refraction from the crystallide value
of 2.1'13 attributed to varying film density which is a résult of
the amorphous nature of the films. It was shown in Figure 16 that
the index of refraction is nearly a linear function of the film
density. The silicon nitride film density varies‘from 2.95 to

o(72)

3
3.14 g/cm over the range of n from 1.93 to 2.08. Do reported

a variation of density from 3.02 to 3.21 g/cm3 for an index of.
refraction ranging from 2.0 to 2.06. These'films were prepared by
the pyrolytic ﬁethod. The density range predicted by Figure 16

for the above change in index of refraction is 3.05 to 3.16 g/cm3.

The agreement is good.

. The pyrolytic films are amorphous at temperatures'up'

53 2 s R A S S N S R S G T v,




fLee,'Chu, and Gruber(41) reported dehsitieé¥of'éyrqutically‘
'deposited films of 2,78 and 2.82-g/cm3 for an'indéx of refraction of
1.975 and 1.980 respectively. These films were prepared at 900°C
and 950°C respeCtiveiy.' Chemicaimggglysis of the film composition
rdindicated anlincrease from 39.9%lto 40.0% in the nitrogen content
of the éilm with increasing index of refraction from 1.975vto 1.980

respectively. The theoretical composition is 39.92%9N and 60.08%81§

A density range of 2.8 to 3.0 g/cm for films prepared by RF sput-

tering and a range of 2.82 to 3 02 g/bm for films prepared by DC

Y s R T Y L T T
S TN e s SR e

Sputtering in a supported discharge'was reported by Hu(47) and
(46) |

Janus respectively. The corresponding range of n for these
~density values is not known, but the typical values of n reported

for the above RF and DC sputtered films are 2.05 and 2.1 respectively.

It is believed that the atoms sputtered from the cathode at -

low véltages will have many inelastic collisiqns with the excilted
nitrogen atoms of the plasma in digfusing to the substrate and

1 transform their large kinetic energy to the potential energy or

excited states of the plasma. Hence the surface“mobility is main-

tained at low sputtering‘voltages and low substrate temperatures.

The relatively high density of the films prepared by audio frequency

(AF) éputtering iln a nitrogen plasma at low subsfrate témperatures . ;
- compared to that of other sputtering techniques canxge attributed

to the‘increased mobility imparted to the sputtered atoms by the

i1ntense nitrogen plasma. With this additional mobility’, the atoms

can move to preferred locations which results in films that are
\

+
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" more perfect structurally.

The dielectric strength of the silicon nitride films has a

mean value of 6x106 V/cm and a range of .2 to 2.2x10° V/em., This

'18 in agreement with reported values from about 10° to 107 v/cm

W

. ' N\,
as shown in Table II. Dielectric strength measurements are dependent

(51)

~ on the type of contact made to the film, Scott determined a

value of 8x106 V/cm for pyrolytically grown films using a 1 mmz

| contact area and a value of 2, 3x107 V/cm using a point contact to

the film. Excessive Pressure applied to the film when making contact

the film. Janus(so) reported a dielectric stnength frcm 1.2 to 6x105
V/cn»for filmsiprepared by DC sputteting in a supported discharge
using direct current megéurements, and a dielectric strength an
crder of magnitude larger when using rectified AC current measurements.
This low dielectric strength was attributed to lcw film density
evidenced by high etch rates, infrared spectral data, and leakage
curnent meaeurements.

The energy gap of the silicon nitride films was determined to
be about 5.72 eV. The range of energy gap measured on films prepared
by the pyrolytic method varies from 4.3 to 5.6 eV, Grieco, Worthing,
and Schwartz( 5) reported an energy gap at 5.6 + .2 eV for films

prepared by the pyrolytic reaction of silicontetrachlcride and

&

_ammonia, This value of energy gap is 1nlclose“agreement with that

obtained in this investigation. Murrgy(51) reported fhat'for films
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prepared pyrolytically at'GOOOC'the energy gap ranged from 4.5 to

5.5 eV. The energy gap increased with subsequent heat treatment | o
| . o

by about .35 eV as the temperature increased from 600 C to 1300°C.

This was accompanied by a decrease in the index of refraction from

1.96 to 1.58. At temperatures greater than 1200 C ;ﬁe films become
visibly dull indicating a decrease in the index of refraction.

Hu(47)

reported a similar phenomena for films prepared by RF sput-
tering. The energy gap increased from about 4 to 6 eV as“the sput-
tering power increased from‘about 1tos5 watts/cmz. This phenomena | o é

has also been observed for films prepared in this experiment. As

the deposition rate, ahd hence sputtering power density,aincreased

above 300 R/min., the index of refraction and film density decreased
and the energy gap increased. The energy gap increased from 5. 72

to 5.90 eV as the deposition rate. increased from 230 %/min. to 1600

X/min. S ]

At high deposip}on_rates, the rate of arrival of sputtered atoms- g

is iarge compared to the diffusion times of the atoms, causing é
insufficient reaction of the exdited nitrogen with the’sputtered g
atoms. This is thought to result in formation of silicon atoms E
with three nitrogen bonds instead of the four‘nitrogeh bonds normally %
present. Thg numberhoq*triply bonded Si=N atoms increases with . s %
increasing deposition rate as evidenced by the decreasing density | | o - g

- and index of refraction. ¢ ‘ .“ o | é

B | Mos§(75)ﬂdeveloped a relation between the index of refr;¢£ion ,,,,, - - ﬁ

énd the energy gap of photoconductdrs. It is suggested that the
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photo - effect and hence optical absorption takes pléce only at -

stitial ions, or at atoms on the surface or any discontinuity in the
lattice. These\impérfections'will create potential holes in the
lattice capable of trapping electrons in a manner similar to an

electron in an 1solated atom, except that it is immersed in a medium

- of dielectric constantﬂequal to that of the bulk -material. Hence all

the energy levels of the electfon will /be scaled down by a facpor

9 .
1/(Kgs¢)”, where Kegs.1s an effective dielectric constant which can
be approximated by the square of the refractive index, Thus the

optical energy required to raise'an electron at one of these

n'E = ¢ | © (33)
: ' (33)

where C is a constant. It has been found that many of the Group 111/
Group V inter-metallic semiconductors obey this law sgtisfactorily(76).

For the more refractive compounds, l.e., n4‘> 35, the average value

of C is 77. The range for C is from 59 to 88, The index of refraction

of 1.93 was determined for a film of silicon nitride having an energy

.gap of 5.7 evV. Hence | -

which is in cloge agreement with.the average value of%C. 1This

| “":'Mﬁ?-’:‘%f’!tﬂ'!‘l-;’ﬂff::?s'z'vy-"‘."--ﬁ*)n'n:nn‘z,—ar;«w AL AT 6 R b s e e

X L P Sk A e

A e T e




75

relatieﬁ?becomes progressively worse as n decreases, but it serves
- to qualitatively illustrate that the@energy“gap‘can be expected to
- increase as the index of refraction decreases, i

| Infrared-spectra'were taken for samples prepared over a large
range of deposition-rates. Figure 25 compares the spectra.ot two

films of silicon nitride Prepared at the same deposition rate of

N

o | s | .
230 A/min., but at different plasma currents and substrate temperatures.

Sample 25-1 was Prepared at a substrate temperature of 600°C and a
pPlasma current of 5.0 amperes . Sampie 25-2 was prepared at a sub-
strate temperature of’4OOOC and a plasme current of 1.0‘ampere.

The absorption peak of the Si-N stretching band for B - Sisﬁépoccurs
at a wavelength of 10.7 (71). The position of the Si-N stretching
band of the amorphous films of samples 25-1 and 25-2 show a consider-
able shift toward longer wavelengths. This is due to the weaker
bonded structure of the amorphous films as opposed to crystalline
silicon nitride. The Si-N stretching band of sample 25-1 and 25-2

Occurs over a broad range from 10.8 to 11.3u and 10.1 to 11.9 u

respectively. This band broadening is attributed to the greater

median of the absorption peak occurs at about 11.1u. The broader
absorption peak of the film prepared at low energy conditions, ’

sample 25-2, can be attributed to less order in the f11m~structure,

i.e., a more amorphoue film,

(72)

Doo reported a broad absorption peek (from 10 to 12u) for

pyrolytically prepared films with the minimum occuring at 12u. The
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shape of the infrared spectra is similar to that obtained in this
experiment. Heat treatment of the above pyrolytic films at 1100°C
in a N2 atmosphere for 3 hours decreased the transmittance of the
films about 20% on the short wavelength side of the infrared spectrum;
ithere was no change in the shape of the curve., H4(71) reported an
absorption peak at 12;4for pyrolytically prepared films and a peak
at 11.3 u for RF Sputtered films. Both methods showed considerable
broadening compared to the absorption peak of S - 813N4 The
absorption peak at 12 u was also obtained for films prepared by RF
Sputtering from a Si N cathode and by DC Sputtering in a supported

34
| (46,50) ) - | | |
discharge - The absorption peak shift to longer wavelengths

11.8u. The absorption peak of the films Prepared at 500 R/min. and
lOOO A/min. occurs from 10.5 to 11, 8#, and that for films grown at
a rate of 1600 &/min. occurs from 10.7 to 11.5p.

Films grown at rates of 1600 &/min. exhibit colors that are
much lighter in appearance than the colors of films.deposited at

lower rates. This is attributed to decreasing order in the film

decreasing film density and index of refraction.

(71) ‘
observed that the infrared spectra of DC reactively
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Sputtering rates (see Figures 26 and 27) have a slight dip at about
4,54, but the intensity of the absorption does not increase with

increasing deposition rate. It is thought that the highly excited

silicon atoms, resulting in fewer triply,bonded Si=N molecules. The

absorption band corresponding to Si - ¢ (9.4u) was not observed,
The etch rate of the silicon nitride films in buffered HF increases
with decreasing film density and index of refraction ag shown in

Figure 29. This is expected since the weaker bonded structure

to decrease with increasing temperature. Thig 1s consistent with

the observed increase in film density with increasing temperature(41),
X

T s s
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Erdman(48) reported an etch rate of aboui lolﬂ/min. and 20
X/min. for films grown by reacting SiH and SiBr in a nitrogenl
'plasma respectively. Dalton(49) reported that the etch rate of

silicon nitride is related to the crystallite size of the x - 813N4

or 8- 813N4 present in the amorphous matrix of the films. The

etch rate was found to increase with increasing crystallite size to

a rate of SOOTX/mintfcr a crystallite size 100 R. It wae found that
the effectiveness otfthe film as a sodium diffusion barrier was.
related to the crystallite size and hence to the etch rate of the film.
Generally, if the etch rate if less than 30 R/min., the filmsAare
considered to be an effective diffusion barrier. The etch rate
(corresponding to the mean index of refraction of 1.97 found for the

o
films prepared in this investigation is about 17 A/min.

It is expected that the technique of audio frequency sputtering

in a hollow cathode discharge can be extended to reactively sput-
tering from any metallic cathode to form insulating or non-insulating
.films. The process could be.improved by sputtering at lower pressures
by surrounding the hcllow cathode with a solenoid to proride a
magnetic field in the'region of the hollow cathode snch that the
discharge or plasma can be:maintained at pressures less than 25
microns. Film uniformity cbtainable ln this experiment is about

2% from center to edge. This could be improved by using a larger

- deposition chamber with a larger silicon cathode and a greater

spacing between the chamber walls and the target cathode.

Another improvement on the technique would be to move the plasma
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anoae~to'a'position adjacenf_to the depdsition chamber so that it

could serve as the anode for both the plasma and supttering poten-

'tials. The pedestal should in this case be biased slightly negative

to eliminate electron and negative ion bombardment damage to the

film. The anode should be gas shielded in a manner similar to that

8)

described by:Erdman(4 to prevent contamination of the film by

the anode material.
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5? CONCLUSIONS :
| o é
Amorphous silicon hitfide films can be prepared by audio '%
frequency reactive sputtering in a hollow cathade supported nitrogen .§
‘plasma at low substrate temperatures and deposition rates up to 300 §
| | o . §
_<X/m1n. The properties of the films are comparable to or better'than ?
that obtained for films prepared by the pyrolytic methods, RF and g
DC sputtering, or chemical vapor deposition. §
Substrate temperature from 200° to 600°C and'plasmancurrent up 7 ?
| to 5.0 amperes have little effect on the dielectric strength, index
| of refraction, and density of the silicon nitride films. However,
large pPlasma currents make possible the use of lowerwsputtering o o ?

R T g S AT

potentials to obtain a given deposition rate.
The film density is an approximate linear function of the index
of refraction. As the film density approaches the theoretical value

of 3.18 g/cm3, the index of refraction approaches the single crystal

value of 2.1,

| \
At deposition rates greater than 300 X/mih., the film density

and index of refraction decrease with increasing growth rate of the
film. This is attributed to the high rate of arrival and short
diffusion times of the sputtered atoms, causing insufficient chemical
reaction of the excited nitrogen'with the silicon atoms. The result

is triply bonded SﬁEN~being present in the film 'and a weaker bonded

film structure.
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RECOMMENDATIONS FOR FURTHER STUDY

An investigation of preparing 6ther'insulatiﬁg, dielecfric, or
metallic films by audio frequency sputtéring in a hollow4cathode-‘
supported nitrogen plasma w0u1d”be an iﬁportant‘extensiqn of this
investigation. .

The inteirfacial properties of silicon nitride 6nisilicon sub-

Strates is of prime significance to semiconductor devices. There-

fore, a study to relate the surface charge density to the film

preparation conditions would be valuable in evaluating the silicon

nitride films Prepared by audio"frequeﬁcy.sputtering.
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LITERATURE REVIEW

Production Methods and Pfoperties of S13N4

[}

In 1910, Weiss and Engelhart(l) made the first systematic study
on the formation of silicon nitride by the reaction of silicon and

nitrogen. They determined»the rate at which silicon absorbed nitrogen

at temperatures from 1120°C to 1420°C. 'The resulting material was a

grayish-whi te amorphohs powdér contaminated with silica, They found
that, when the reaction temperature was held in the range from 1240°
. 0 L4 .

to 1300 C for half an hour, the reaction between silicon and nitrogen

proceeded at a measurable rate. The density of silicon nitride of

3.64 g/cm3 obtained by these authors\is considered doubtful since

~ the x-ray density is 3.18 g/cm3,

Funk(z)

(1924) studied the formation of silicon nitride by the
reaction of nitrogen on finely divided'silicon, separated with

aluminum. A nitride was formed after 10 minutes at 1450°C.

In 1925, Friederick and Sittig(B) prepared silicon nitrng\in an
impure form by heating & mixture of silica, carbon, and iron’‘oxide

in nitrogen at 1250° to 1300°C. The iron could then be removed by

4,

treating with HC1l leaving a white powder. Hinke and Brantley(4)

studied the nitrogen pressures for the reaction 813N4———-3Si + 2N2

o
in the temperature range from 1333 to 152900. They concluded that

the dissociation Pressure would reach 1 atm at 1977°C,. They found

that the only nitride present was Si3N4. -

22 |
Pehlke and Elliott( )(1959) measured the equilibrium pressure

of nitrogen over pure silicon and silicon nitride at 1400° to 1700°C

T A s L LT S e
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‘and the free energies and enthalpies of formatior calculated as

fuhétiOns;of,temperature over;the above temperature'fange. Fesenko

(59)

and Bolgar measured the vapor pressure of nitrogen over silicon

and silicon nitride with results comparable to those of Pehlke and

e

Elliott.

More recently, Leslie, Carrol, and.Fisher(G)‘sepafated Si.N,
from hitrided'silicon steels., X-ray and elecfron diffraction patterns
of the material led them to the conclusion that the nitride wés
probablg orthérhOmbic and of the same étructufe as Ge3N4.

Turkdogan and Ignatowicz(lo) found that 813N4 exist i1s two phases:

£

a - 813N4v and f- SigN,, both hexagonal. This has been confirmed by

| .. (14
Turkdogan, Bills, and Tippett( ), Hardie and Jack(ll), Forgeng and

(15) (22) (12)
Decker and Narita and Mori . Vassiliou and Wilde regarded

' these two phases (a & f8) as orthorhombic (a) and hexagonal ()

reSpectively.

a - Si_,N, can be prepared in a fairly pure ‘state by nitriding

34
silicon powder within the temperature range of 1200° - 13OO°C(15).

It occurs as a clear, white or yellowish-white, flattehed needles.

8

Chemical analysis showed it to have the composition of Si_N

gNy; i.e.,

60%ﬁsilicon and 40% nitrogen. They measured a mean refractive index

of 2.1.

~

B - Si3N4 can be prepared by nitriding silicon powder at about
1450°C and has been formed from o - Si3N4 by heating at 155000(15),

Attempts to reverse the reaction by heating B - SigN, at temperatures

4

N, is

o |
below 1500 C have failed. The refractive index of - 813 4
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abou.t.?;.lv. The measured density of ﬂ-— Si3N4 1s 3 15 g/cm an,d the
.measured dengity of - 813 4 is 3.16 g/cm as compared to the
..theoretical density of 3.187 g/cm and 3. 184 g/cmS réspectively.
The above density values are probably for single crystals and do not
'1represent that obtainable by nitridlng silicon powder to form bulk
,Si.N4. »The values usually reported‘are frOm 2.0 to 2.6 g/cm3.~ The

3

lattice para.meters of a- Sj.3N4 and ﬂ"- S‘13N£'1 are listed in Table III

11,14,15,29 |
along with other structure propertics( S ). The chemical

and physical properties are listed in Table IV and Table V respectively.

L oo mme s e
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TABLE III

r

Crystal Structure of 813Na '

- Space - Crystal Lattice Parameter Atoms per - X-Ray

Fhase" Group System - a C CAa Unit Cell 'Densigz
2 | | I |
.a-Si3N4 ng-Ps/c hex 7.758 5.623 .725 SilZNlG 3.184
. B-SiaNé‘ Csh-—P63/gl hex 7.603 2.909 .383 816N8 3.187
TABLE 1V
Chemical Properties of Si3N4
| (16)
Corrodents to which Silicon Nitride is Resistant

HC1 (20%), boiling

NNO4(65%), boiling

H,SO4 (10%, 77%, 85%)

HPO,

HyP,0,

NaOH (25%)

Cl (gas), wet

Cl (gas), 900°%¢c

HpS (gas), 900°C ,
HoSO4, boiling, conc. + CuSO4 + KHSO4

NaNO3 + NaNOy salt bath at 350°C
NaCl + KC1 salt bath at 790°C

Corrodents that Attack Silicon Nitride (16)

Time of test to first
Observed corrosion (hrs)

NaOH (50%) boiling

' NaOH at 450°C, molten

HF (48%) at 70°C |
HF (3%) + HNO; (10%) at 70°C

NaCl + KC1 salt bath at 900°C
NaB (S10.), + vzo8 at 1100°C

NaF + Zr§4 at 800°C

Resistance of Silicon Nitride to Attack Of

115
S
3
116
144
4
100

Molten Metalg (16)

Metal °c Time (hrs)
Aluminum 800 950
Aluminum 1000 100
Lead 400 144
Tin 300 | 144
Zinc 550 500
Magnesium 750 20
Copper 1150 7

Remarks

No Attack

No Attack

No Attack .

No Attack

No Attack ‘
Slightly Attacked
Attacked
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. TABLE V

Physical Properties of 813N4 -
Color: pale to dark grey(34)
Appearance: dull surface with a matt texture(34)
Density: 3.18 g/cmS (x-ray density)
g o 2.0 to 2.5 g/cm® (bulk density)(zo)

3.16 @-Si,N, (single crystal)(15)
3.153-SigNy (single crystal)(ls)
Hardness: 9 (Moh's scale)(
| 1000 to 1100 D.P.H. (34)
| 55 Rockwell "A" (34)
Strength:  (bend) 12,000 to 25,000 psi34) (550_;0000c)
(compressive) 70,000 to 90,000(34)pgy (25°—1ooo°0)
Youngs Modulus: 9 x 108 psi average (34) (250-10000¢)

s - Coefficient of Thermal Expansion:
| 1.7x10-6/9C at 1000¢(34)
3.0x10°6/°C at 1000°¢(34)

2.5x10°%/9C average over range (34)

8.0x107°/°C a-s1,N, 20°-1420°c(21) |

3.5x10°%/°C g-s14N, 20°-1420°c(21) |

. Thermal Conductivity: .067 cal. /cmOC/sec(SZ) ” | |
Thermodynamic Properties: %

Specific Heat, Cp: 16.83 + 23.6 x 10 3T ca1/§/ c, (300°-900°C) |
| 1 0.2145 cgs (0°-585°C) (3 |
Entropy:, . 8298.? 22.8 cal/mole/oK(7) ‘
Heat Formation: AHyoo = 179.25 Kcal/mole(7)
Free Energy of Formation: AG® 298 = 154.740 Kcal/mole(7)
at 700°K |
Heat of Formation: AH,,,, = -176.300 K cal/mole(4) 5
Melting Point: 1900°C (under pressure) - B

Electrical Resistivity: 1013 to 1014 ohm-cm (25 C)(30)(26) |
| 10° to 1013 ohm-cm (1000°-25°c)(27) |
Energy Gap: 3.9 - 4,0 ey(30) é
Dielectric Constant: 5 at 5 mc/s(34) | : |
7.2 to 8,5 (20°-400°C)at 1 to 30 mc/s(sg) |
Infrared Absorption Band: 10.6 17)

Solubility in Silicon: 1012 atoms/cmS3 (25°C)(17)
1019 atoms/cmS (in melt at m.p.)(17) - ;
. Index of Refraction: 2,1(15) - é
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~ Methods of Preparation of Si,N, Thin Films

More recently, the emphasis has been on developing methods of

producing thin continuous films of Si N

3N, with bulk properti?s for

 use as an insulating layer, passivator, and diffusion mask in the

production of semiconductor devices, integrated circuits, and o | | ?
capacitors. o o | i %
The methods of producing thin films of silicon nitride will be | - §

discussed under three different categories: (1) pyrolytic decompo-

sition methods; (2) DC and RF plasma activated chemical vapor :
deposition; (3) sputteriﬁg° | é
1. Pyrolytic Depomposition | | | o | _;' a %

' "Gleemsér(36) prepared Si3N4‘by reacting SiCl4 with NH3 at 5 . g
1200°C. Jenkper and Schmidt(37) produced high purity 813N4 by | | %
reacting silane or methysilane with dry, oxygen-free NH3.’ Silane . %
(3 vol.) and NH3 (5 vols.) are treated in a quartz furnace at 800°C. é
A finely divided light brow; silicon nitride is formed. | %
The decomposition of SiBr4 or SiCl4 with Né and H2 at temper- %
atures below 1000°C to form 813N4 thin films has been investigated | g
by Barnes and Geesner(24). SChumb and Lefeuer (8) formed SigN, by g
the reaction of hexachlorodisilane with NH, at 1600°C. %
‘Many investigators have recently utilized the fol;owing reaction %

- to form thin films of Si3N4 on various substratés. é

3SiH_ + 4NH, —— Si_N, + 12H2

g + 4N 3%a |
|
) 'I A
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%
_Doo and'Nichols(43) prepared films of Si3N4 at silane: ammonia @{'.
ratios of 1 20 to 1:40 on silicon substrates at soo° to 1000°C, The

films prepared ‘at 800 C were amorphous with some crystallites ap-

1%

pearing above 900" C. The index of refraction of these films varied

 from 2,10 to 1. 98 for temperatures from 800 C to 1000 C when the

silane. ammonia ratio was greater than 1:2, However, at lower ratios,
the films prepared at 800_C and QOOOC had indices of refraction
greater than 2.1 indicating an exceSs of siljicon in the films,

Bean, Gleim and Runyan(44) deposited Si3N4 on silicon substrates

over the temperature range from 700° to 1150°C. As the temperature

1s increased the film growth increases rapidly up to 900°C where
leveling off occurs. Deposition.rates up to 900 X/min.‘pere reported.
The behavior of the index of refraction VS, silane:'ammonia ratio was
about the same as observed by Doo and Nichols. Filnms deposited below
800°C were amorphous. Between 900° and 1100°C some crystallites are
observed; above 1100°¢ many hexagonal rods grow over the surface.

The optical absorption edge was determined to be 0.294. The dielectric

- 8trength is in the range from lO6 to 10 V/cm, and the dielectric

constant from 4 at optical frequencies to 8 at low frequencies,
Conduction was determined to be by Schottky emission with carrier
concentration of 1015/cm3 and an activation energy of 0.5 ev.
Scott and Olmstead(51) and Lee, Chu, and Gruber(41) also have
reported investigations using the silane-ammonia reaction. Scott

and Olmsted reported values for index of refraction from 1.84 to.

1.81 at a wavelength of 3u. The energy gap was determined to be
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4.5 + 0.3 eV. Lee, Chu, and Gruber deposited S1_N

3Ny On silicon sub-

| | .
strates over a wide temperature range, 800°-1200 C. The density,

index of refraction, and composition was determined as a function

of substrate temperature.
N ‘ " :

T(°C) . %S1 9N Density (g/cm3) n
800 ~ - 1.975 L
900 60.5 39.9 | | 1.975 |
950 59.1 40.0 2,82 1.980 §
1100 - 2.92 g
1200 | | 2.020 §
a-81.N, 60.08 39.92 3.18 L - :
They also concluded that a 500 x\film of 513N4 on silicon serves as é'

an effective diffusion mask against boron and 1300 & is a mask
against phosphorous.

Grieco, Worthing, and Schwartz(45) have deposited 813N4 on

silicon substrates over the temperature range from 550°-1250°C by

‘reacting SiCl4,with NH3. They found-thé dielectric strength to be

independent of contact area and film thickness. The index of re- f
| . é

fraction of“fhe films was from 1.99 to 2.01, energy gap of 5.6 + ?
.2 eV, dielectric strength of 107 V/cm and dielectric constant of ' %
7. A low fast state density of 4.4x1011/cm2/eV and a normal range |
11 . - 12, 2 . |

from 7-15x10 was reported. The usual-value is about 1-5x10"“/cm%/eV. | !
Deposition rates obtained were comparable with those using the %
silane-ammonia reaction. f
4. DC and RF Plasma Activated Chemical Vapor Deposition | !
| (42 ) l [} .

Swann, Mehta, and Cauge prepared silicon nitride films at | |

. o ) ;

substrate temperatures less than 500 C by reacting silane and ammonia i
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;in'a radio frequency gléw dischargé.‘ The deposifion\rate éf zoo.XVmin.
ﬂishlower than fhat of the higher temperaturé‘pyrolytic.method, but ,
‘may not represent the upper l1imit. The dielectric constant ranged
from°7fto'11 as the percent silane ranged from 3% to 50%. The
dielectric strength decreased from 6x10° V/cm at 3% to 1x10% v/cm
- at 50% silane. ' The resistivity varied from 8x1016 to 5x10;2 ohm-cm,

Erdman48) prepared silicon nitride films by reducing silane or
silicontetrabromide in a nitrogen plasma at temperatures betweén |
300o to 400°C and ohtained deposition rates as high as 400‘X/min.
lﬁMost films were prepared  using 0.1% SiBr4 or O.l%ISiH4 and a nitrogen

% | -
flow rate of 200-cm§/m1n. at 1 mm pressure. Some typical properties

are as follows:

SiBr4 SiH4
Etch Rate in buffered HF(R/min.) | 20 - 10
3
‘Density (g/cm ) | 3.15
Refractive index | | 1.93 2.0
2 12 12
Surface Charge Density (/cm“eV) 1 to 4x10 1 to 4x10

3. Sputtering

(47)

Hu and Gregor formed silicon nitride thin films by reactive
sputtering using a silicon cathode in a ni trogen atmosphere. -This‘
method required high sputtering voltages (2-5 KV) and the deposition
rates were from 2 to 3 Z/min. The films were generally of lower
quality than those obtained by other methods and showed evidence of

electron and negative ion bombardment damage. Difficulty has been

reported with glow instability in the form of arcing at the cathode

i
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shrface‘caused'by back diffusion of silicon nitride to the cathode

surface(so).

(47)

Hu and Gregor also prepared films of SigN4 by RF reactive

sputtering from a silicon cathode in a nitrogen atmosphere. At RF
spuftering vol tages of—aboug 3 KV at 13.6 mc/s and a self generated

N

DC voltage of about 1.5 KV, the deposition rate was about 200 X/min.

The nitrogen pressure ranged from 5 to 25 microns. No dependence of
deposition rate on substrate temperature was observed between 25°C
and 50006. The physical and chemical properties of the films were
| reported'te be combarable to that oStained for,thg pyrolytically
deposited films when the sputtering is done at low nitrogen pressures.
At higher nitrogen pressures, the film properties are significantly
affected. | |
Janus and Shirn(46’5o) have prepared SigN, films by RF sputtering
from a silicon cathode in a supported nitrogen glow discharge.
Deposition rates of about 70-R/min. were reported; The film density
ranged from 2.82 to 3.02 g/cm3, the dielectric constﬁnt was between
6.4 andl7, and the refractive index was about 2.1. These values are
comparable tq'that obtained by the pyrolytic methods. The etch rate
was found to decrease as the sputtering voltage increased. All films
were shown to be amorphous.by electron diffrqgtion. Silicon nitride

films were also obtained by RF sSputtering in an Argon atmosphere(46’50)»

- using a SigN4 cathode. This method yielded films of approximately

the same properties as above, but the &eposition rate was 30 X/min.
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~Dalton and”Drobek(49) determined that the depth of sodium

penetfation/by diffusion in 51licon nitride was a function of the
drystallite size. Amorphous films were the best diffusion.barriers
with‘depth of penetration 1ncreasiqi.with increasing crystallite
sizé as determined by low angle elgcfron diffraction. Amorphous

films were found to be slower and more uniform in etching in buf-

| L, o L - o
fered HF acid. The etch rate increased to 500 A/sec at a crystallite

o
size of about 100 A,
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