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Deposition of silicon nitride at low temperatures by plasma-enhanced chemical vapor deposition
requires an efficient source of activated precursors and high-current, low-energy ion assist. We
report the deposition of silicon nitride at substrate temperatures,100 °C using a permanent magnet
electron cyclotron resonance plasma reactor capable of generating uniform plasmas over 300 mm
diameters. The effects of gas mixture, silane flow, pressure, and microwave power on the film
deposition rate, composition and bonding, index of refraction, stress, and etch rate in buffered oxide
etch solution are reported. The N2/SiH4 flow ratio and microwave power both influence the film
index and hydrogen content and bonding. For a SiH4 flow of 30 sccm and N2/SiH4 ;0.75, hydrogen
is equally distributed between Si–H and N–H sites and total hydrogen content is minimized. At a
deposition rate of 500–600 Å/min, a threshold in microwave power of;1100 W exists, above
which films with buffered oxide etch rates,150 Å/min result. Near the threshold microwave power
compressive stress,400 MPa is observed, with increasing stress at higher microwave powers.
© 1999 American Vacuum Society.@S0734-2101~99!05005-8#
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I. INTRODUCTION

Plasma-enhanced chemical vapor deposition~PECVD! is
widely used to deposit thin films at lower temperatures th
thermal processes. PECVD silicon nitride, variably refer
to asa-SiN, SiNx , or SiN:H is typically deposited in a par
allel plate radio frequency~rf! plasma.1 The plasma enable
deposition at lower temperatures than the;800–1000 °C re-
quired for thermal CVD, however, a substrate temperat
;350–400 °C is still required to produce a dense film w
minimal hydrogen content.1

For silicon integrated circuit applications;350 °C is con-
sidered ‘‘low temperature.’’ A large body of other applic
tions and materials exist for which this constitutes an un
ceptably high substrate temperature. These incl
passivation of polymeric materials2 and low-curie-temper-
ature materials such as~PbZr!TiO3, as well as lift-off pro-
cesses involving photoresist. For these applications subs
temperatures,100 °C may be required.

Silicon, silicon nitride, and silicon oxide films have bee
deposited at temperatures,300 °C in downstream plasm
reactors3,4 conventional RF–PECVD systems,5 as well as di-
vergent field electromagnet6,7 and distributed electron cyclo
tron resonance~ECR! configurations.8 Lower temperature
tends to lead to higher H content and lower density, ho
ever.

High-density plasma sources such as ECRs, helicons
lical resonators, and rf-inductive sources offer a number
potential advantages in low-temperature deposition. Th
sources generate much higher ion densities than par
plate rf systems,;1011– 1012/cm3 compared to 109– 1010/
cm3. This leads to larger ion currents to the wafer duri
deposition and enhanced ion assist. High-density pla
sources also produce a lower mean ion energy than cap

a!Electronic mail: cdoughty@plasmaquest.com
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tively coupled systems,;10–50 vs.100 eV. This energy
regime may be more effective for ion-assisted depositio9

High-density sources more efficiently dissociate sou
gases. Conventional rf-PECVD systems must use NH3 as a
source of nitrogen. In contrast, high-density plasma sour
can effectively dissociate N2, reducing the H content of the
film.

This article reports the deposition of silicon nitride film
at substrate temperatures,100 °C using a permanent magn
ECR plasma deposition system. The use of a perman
magnet to provide the magnetic field required for ECR m
crowave absorption leads to fundamental differences
tween this system and conventional divergent-field elec
magnet systems. The basic system geometry also dif
from other high-density plasma reactors. These differen
are discussed in Sec. II, while Sec. III reports the fundam
tal relationships between film properties and process par
eters.

II. DEPOSITION SYSTEM

The PlasmaQuest Series III permanent magnet ECR r
tor used for this work is shown schematically in Fig. 1~a!.
The 50 cm diam chamber is surrounded by permanent m
nets forming a multipolar magnetic bucket. The system
pumped by a 2200 l/s turbomolecular pump mounted on a
below a 325 mm diam, rf-biased, fluid-cooled chuc
Samples are load-locked into the reactor on an alumin
pallet, allowing for a wide variety of samples to be eas
loaded.

ECR requires a magnetic field of 875 G at the microwa
excitation frequency used here, 2.45 GHz. In contrast to c
ventional electromagnet ECR sources, here the field is g
erated by a permanent magnet located at the top of
chamber.10 Microwaves are absorbed in a thin disk-shap
region near the microwave window at the top of the cha
2612/17 „5…/2612/7/$15.00 ©1999 American Vacuum Society
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2613 Doughty et al. : Silicon nitride films deposited at substrate temperatures 2613
ber. In this absorption region the plasma density exce
1012/cm3 resulting in highly efficient dissociation of molecu
lar gases. The thickness of this region,duW , is ;1 cm and
the diameter;15 cm.11 The plasma expands into the cham
ber and wall losses are reduced by multipolar magnetic c
finement. The plasma density is.131011/cm3 at the wafer.

This system differs from other high-density plasma re
tors in that the region of highest plasma density is separ
from the wafer by multiple mean-free paths. At the typic
operating pressure of;5 mTorr the mean-free path is;1
cm, while the separation between the absorption region
the wafer is;30 cm.

The situation is fundamentally different in many oth
high-density plasma reactors. Figure 1~b! shows a schematic
of an inductively coupled plasma reactor in which a rf-driv
coil is inductively coupled to the plasma across a dielec
window. The rf power is absorbed over a length scaled rf ,
the rf skin depth. At typical plasma densities and 13.56 MH
d rf ;5–20 cm.12 The induction coil is typically close-
coupled to the substrate~;10–15 cm!. In terms of the mean-
free path of the system, the region of plasma generatio
much closer to the substrate than in the ECR system
there is no potential for spatial separation.

The separation of the microwave absorption region a
the wafer allows independent control of dissociation and
tivation of multiple precursors. Because the system is op
ating in a transition flow regime and the regions are se
rated by multiple mean-free paths, the gas composition in
two regions can vary. In this case nitrogen is injected into
absorption region and silane into the wafer region.

The equilibrium plasma density and electron energy d
tribution are intimately related to the gas composition. In
case of silicon nitride CVD, silane is easily dissociat
~SiH3– H, SiH2–H, SiH–H, and Si–H bond energies all,4
eV! while nitrogen is much more difficult to dissociate~9.1

FIG. 1. Schematic of~a! permanent magnet ECR plasma deposition sys
and ~b! typical inductively coupled system with planar coil. The ECR sy
tem has a compact region of plasma generation separated from the wa
multiple mean-free paths.
JVST A - Vacuum, Surfaces, and Films
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eV!.12,13 When both silane and nitrogen are present, pow
will predominantly flow into dissociation and activation o
silane and not into activation of nitrogen. With nitrogen i
jected near the resonance zone in Fig. 1~a!, the plasma near
the resonance zone is dominated by N2 which can be effec-
tively dissociated by the high plasma density in that regi
Silane injected downstream can still be activated by
somewhat lower plasma density in that region.

The spatial separation of silane and nitrogen is obser
in varying deposition rates and deposition patterns within
reactor. With silane injected into the ECR zone an optica
dense~presumably silicon rich! film quickly deposits on the
microwave window. When silane is injected downstream,
film deposited on the chamber walls is thickest below
plane of the silane injectors. Depending on the exact poin
silane injection, the N2 flow injected upstream, and the pre
sure and flow regime, this deposit can be localized to
bottom half of the chamber, qualitatively confirming the sp
tial separation of silane and nitrogen in the system.

Ion-assisted deposition techniques are used in low t
perature deposition to drive chemical reactions and den
the film as substrate temperatures,100 °C provide very
little thermal energy to drive chemical reactions at t
growth surface. The high current of relatively low-ener
ions ~;10–20 V! provided by a high-density plasma is ide
for providing this plasma assist. Uniform deposition ov
large areas requires a uniform plasma and ion current den
at the wafer.

Conventional divergent magnetic field electromagn
ECR sources12 are capable of providing ion currents;10–20
mA/cm2 to the wafer surface during processing.11 This is due
to both the high plasma density generated in the resona
zone, and to efficient plasma extraction down the magn
field lines connecting the resonance zone and the wa
These sources have several drawbacks, however. First
electromagnets are expensive and bulky, especially for la
diameters. Second, it has proven difficult to scale th
sources to diameters greater than 200 mm. This is prima
due to the large magnetic fields coupling the resonance z
and wafer. These fields inhibit diffusion perpendicular to t
field lines so that nonuniformities in the resonance zone
translated down the field lines to the wafer plane.

The system used for this work utilizes a permanent m
net to provide the magnetic field for ECR resonance, an
engineered to have a much lower field at the wafer pla
than an electromagnet system. When configured for ion
traction, an electromagnet system would have a field of s
eral hundred Gauss at the wafer plane. In the present sy
the field is,50 G. This low magnetic field enhances diffu
sion perpendicular to the magnetic field lines and impro
uniformity.14 The permanent magnet also is substantially l
complex and costly, a substantial advantage for produc
applications.

The uniformity of the plasma generated by this sou
was characterized by scanning Langmuir probe meas
ments. The plasma parameters were derived from meas
ments of the current,I, as a function of voltage,V, drawn by

by
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2614 Doughty et al. : Silicon nitride films deposited at substrate temperatures 2614
a Langmuir probe~Scientific Systems Smart Probe! inserted
into an Ar plasma. The plasma potential,Vp , and floating
potential, Vf , were obtained from the intersection of th
slopes above and below the electron saturation current~the
knee in theI–V characteristic!, and the potential at which
I50, respectively. The electron temperature,Te , was ob-
tained from the derivative](log I)/]V in the electron retard-
ing region. The ion density,ni , was derived from
(](I 2)/]V)1/2 in the ion saturation region using the meth
of Laframboise.15 The probe was scanned across the cha
ber allowing the measurement of the plasma parameters
function of position.

The permanent magnet ECR source generates a hi
uniform plasma over diameters;300 mm. Figure 2~a! shows
the variation in theni , Te , and (Vp2Vf) as a function of
position in a plane 4 cm above the chuck surface. Meas
ments were taken in an Ar plasma at 3 mTorr and 2000
microwave power. The plasma density in the wafer plane
;2.531011/cm3 with the permanent magnet source. Ove
250 mm diam the uniformity of the plasma parameters
,5%. Uniformity is calculated as~max2min!/~23mean!.
The variations in plasma parameters as a function of mic
wave power in a 5% N2 in Ar plasma are shown in Fig. 2~b!
and will be discussed in reference to the dependence o
film properties on microwave power in Sec. III C.

III. RESULTS AND DISCUSSION

Silicon nitride films were deposited using silane, nitroge
and argon. Nitrogen was injected near the microwave w

FIG. 2. ~a! Dependence of plasma parameters on position in an Ar plasm
3 mTorr and 2000 W microwave power.~b! Plasma parameters as a functio
of microwave power for a 5% N2 in Ar plasma at 4 mTorr.
J. Vac. Sci. Technol. A, Vol. 17, No. 5, Sep/Oct 1999
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dow and above the ECR resonance zone in Fig. 1~a!. Silane
was injected in a plane 15 cm above the chuck surface b
system of eight injectors designed to uniformly introduce
gas. Throughout this work, the silane was supplied as a 1
silane in argon mix.

The films were deposited on~100! silicon wafers loaded
into the system on an aluminum pallet. Large wafers or
rays of smaller wafers were used to characterize the dep
tion rate and uniformity over a 300 mm diam. Films we
typically deposited to a thickness of;100 nm. The pallet
was placed on a cooled chuck maintained at 20 °C with
lium gas injected into the gap between the chuck and pa
to enhance heat transfer. Samples were mounted on the p
using a silver-filled thermally conductive silicone greas
The substrate temperature was measured using Wahl
‘‘temperature dots.’’ During deposition, the wafer surfa
temperature never exceeded 100 °C.

Following the deposition, the films were characterized
follows. The film thickness and index of refraction we
measured with a Gaertner L116 ellipsometer at 632 nm
70° incidence. The thickness measured by ellipsometry
confirmed by surface profilometry. Film stress was deriv
from wafer curvature measured before and after deposi
using a Tencor Flexus 2320.

The film quality was characterized by an etch rate in
10:1 buffered oxide etch~BOE! solution ~4.5% HF, 35%
NH4F in H2O). The film thickness before and after a time
etch was measured by ellipsometry and checked for sev
samples by surface profilometry. Both methods gave ide
cal results.

Film composition and bonding were evaluated by Fouri
transform infrared~FTIR! spectrometry. Thin films deposite
on .10 V cm resistivity, p-type silicon were evaluated in
transmission mode using a Bio-Rad FTS 175. The raw d
were subtracted from a bare wafer background and norm
ized to the peak area of the strong SiN absorption at;830
cm21. The Si–H absorption has been reported to have
absorption coefficient;1.4 times higher that of N–H.16 The
areas under the N–H stretch absorption at;3340 cm21 and
Si–H stretch at;2160 cm21 were normalized by this facto
to arrive at the relative hydrogen content bound at eit
N–H or Si–H sites and the total hydrogen content.

A. Deposition rate and uniformity

Even in a low-density plasma silane is easily dissocia
into products with high sticking coefficients.17,18 The depo-
sition rate depends strongly on the silane flow, as illustra
in Fig. 3 which shows the deposition rate as a function
silane flow. The plotted points are averages at each flow
films deposited at a variety of pressures, microwave pow
and N2/SiH4 ratios in the course of initial screening expe
ments and detailed single variable investigations. The m
nitude of one standard deviation to the data at each flow
indicated by the error bars. Initial screening experiments
tablished that silane flow has the dominant effect on dep
tion rate. The effects of pressure, microwave power, N2 flow,
and their interactions have a much smaller and statistic
insignificant effect. In this article we report the effect

at
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2615 Doughty et al. : Silicon nitride films deposited at substrate temperatures 2615
changing the N2/SiH4 ratio on film properties for films de
posited at deposition rates of 590–680 Å/min with sila
flows of 30 sccm in Sec. III B. Section III C contains a d
tailed discussion of film properties as a function of micr
wave power and deposition rate. The films discussed in S
III C were deposited at 4 mTorr with silane flows of 12.5 a
28 sccm, resulting in deposition rates of 215615 and
550650 Å/min, respectively.

Given the high sticking coefficient of the silane decomp
sition products, the deposition uniformity is primarily dete
mined by the silane gas injection. The injector pattern u
in this work provides for a 1s thickness variation of 2.5%
over 200 mm and;10% over 300 mm diam. Scaling o
precursor injection to diameters.200 mm is a relatively
straightforward optimization problem.

B. Nitrogen:silane ratio

The stoichiometry of the deposited film influences a ran
of materials properties. Index of refraction is often taken
an indicator of film stoichiometry. Stoichiometric therm
nitrides haven;2.0, Si-rich filmsn.2, and N-rich films
n,2.17,19

Initial screening experiments indicated that the ratio of2

to SiH4 in the source gas has the largest effect on index
refraction. The effect of N2/SiH4 on film index of refraction,
n, and etch rate in 10:1 BOE solution is shown in Fig. 4. T
microwave power, pressure, and silane flow were held c
stant at 1200 W, 6 mTorr, and 30 sccm, respectively. Un
these conditions the deposition rate is 590–680 Å/min.2

flow was varied between 14 and 34 sccm, changing
N2/SiH4 ratio from 0.46 to 1.13, and index of refraction,n
from ;1.7 to;2.5. Under these high growth rate condition
an index of refractionn52.0 is obtained at a N2/SiH4 flow
ratio of 0.75.

The N2/SiH4 ratio required to depositn52.0 films also
varies as a function of silane flow as shown on the right a
of Fig. 3 for films deposited at 4 mTorr pressure and 1500
microwave power. Under these conditions, as the silane fl
decreases to 12.5 sccm, the deposition rate decreases t
Å/min and the N2/SiH4 ratio required forn52.0 decreases to

FIG. 3. Deposition rate and N2 /SiH4 flow ratio required forn52.0 as a
function of silane flow. The N2 /SiH4 flow ratio results are for films depos
ited at 4 mTorr chamber pressure and microwave power of 1500 W.
JVST A - Vacuum, Surfaces, and Films
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0.56. Additional designed experiments indicated that, a
constant SiH4 flow and N2/SiH4, microwave power and
pressure have an insignificant effect onn.

The etch rate in a 10:1 BOE solution is plotted on t
right axis of Fig. 4. A low etch rate is often taken as
indication of high film quality. rf–PECVD nitride films typi-
cally have an etch rate;500 Å/min with thermal nitride;2
orders of magnitude lower.1,17 Here, the BOE etch rate is
minimized at;150 Å/min for N2/SiH4;0.7. The films de-
posited in this reactor have etch rates between those of t
mal nitrides and rf–PECVD films deposited at much high
substrate temperatures.

The variation in film index of refraction as the N2/SiH4

flow ratio changes reflects changes in film density, compo
tion, and bonding. Changes in film bonding were inves
gated by FTIR spectroscopy. Figure 5~a! shows FTIR ab-
sorption spectra for the films of Fig. 4. The peaks a
identified as follows.20 The largest absorption peak is th
Si–N stretch at;830 cm21. Hydrogen is indicated by the
Si–H and N–H stretch absorption at;2160 and;3340
cm21, respectively. The N–H bend absorption at;1170
cm21 appears as a shoulder on the large Si–N absorptio
;830 cm21.

The hydrogen content derived from the spectra of F
5~a! is plotted as a function of N2/SiH4 in Fig. 5~b!. For
Si-rich films (N2/SiH4 ,0.6, n.2), the FTIR spectra indi-
cate very little N–H stretch absorption at;3340 cm21; the
hydrogen is bound almost exclusively to Si. As the N2/SiH4

ratio increases and the index of refraction decreases, the
drogen bonding shifts from silicon to nitrogen, until
N2 /SiH451.13 the Si–H peak has almost completely disa
peared. The sum of the signals scaled by the relative abs
tion coefficient is also plotted in Fig. 5~b!. For this micro-
wave power and pressure the total hydrogen conten
minimized at a N2/SiH4 ratio of ;0.75. Under these condi
tions n52.0.

The FTIR spectra for then52 films of Fig. 5 closely
resemble those of rf–PECVD films deposited at substr
temperatures;350 °C, although in this case the films a
deposited at,100 °C. Elastic recoil detection~ERD! analy-
sis was performed on one sample deposited under sim
conditions to then;2 film of Fig. 4. In this case, the film

FIG. 4. Index of refraction and etch rate in 10:1 BOE solution as a funct
of the N2 /SiH4 ratio. Films were deposited at constant microwave power
1200 W, pressure of 6 mTorr, and SiH4 flow of 30 sccm.
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2616 Doughty et al. : Silicon nitride films deposited at substrate temperatures 2616
composition was;31% Si, 48% N, and 20% H. The hard
ware configuration used for the ERD sample was an e
prototype of the permanent magnet source used in this w
The source used here, however, does not appear to have
fundamental differences, based on film properties such as
BOE etch rate and the dependence of index of refraction
gas flow and composition.

Hydrogen in amorphous silicon nitride films serves to t
minate dangling bonds. For rf-PECVD, Smith, Alimond
and von Pressig17 have shown that as N2 flow increases H
shifts from terminating dangling Si to terminating danglin
N bonds in Si–~NH!–Si complexes. The situation is simila
for these low-temperature films, although minimal therm
energy is available at the growth surface to promote che
cal condensation reactions.

C. Microwave power

The high ion current available with this deposition sour
allows for effective ion-assisted growth. Low-energy io
bombardment can influence film density, microstructu
stress, and composition.7,9 In addition, the ECR source i

FIG. 5. ~a! FTIR absorption spectra of silicon nitride films from Fig. 4. Film
were deposited at N2 /SiH4 ratios of ~i! 0.47, ~ii ! 0.63, ~iii ! 0.80, and~iv!
1.13. ~b! Changes in hydrogen content derived from absorption spectra
J. Vac. Sci. Technol. A, Vol. 17, No. 5, Sep/Oct 1999
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highly efficient at dissociation of molecular nitrogen allow
ing N2 to be used in place of ammonia and eliminating o
source of hydrogen from the system.

The variation in plasma parameters with microwa
power in a 5% N2 in Ar plasma at 4 mTorr is shown in Fig
2~b!. The most important parameters in this case are
plasma density,ni , which largely determines the ion curren
incident on the wafer, the electron temperature,Te , which
controls the dissociation rates in the plasma, and the dif
ence between the plasma potential and the floating poten
Vp2Vf , which is the approximate mean energy of io
reaching the growth surface. The electron temperature
Vp2Vf remain relatively constant over the microwav
power range 750–1500 W, while the plasma density
creases by a factor of;2.5.

Introducing an easily dissociated gas such as silane
the plasma will have a major influence on the plasma eq
librium. Analysis of an Ar/N2/SiH4 plasma is difficult, how-
ever, due to deposition of an insulating coating on the pro
tip. From a simple particle balance perspective,12 silane ad-
ditions increase the density of easily dissociated and ioni
species and can be expected to decreaseTe . This would tend
to decrease the Ar ionization. Although the plasma para
eters plotted in Fig. 2~b! are not quantitatively valid for an
actual Ar/N2/SiH4 plasma, they should, however, still refle
a qualitative dependence, and function as baseline for c
parison to other plasma sources.

Microwave power influences the film properties by ac
vating and dissociating precursors and by providing io
which bombard the growing film. Figure 6 shows the effe
of microwave power on stress and the BOE etch rate. Fi
were deposited with silane flows of 12.5 and 28 sccm a
pressure of 4 mTorr. The N2/SiH4 ratio was adjusted to
maintainn52.060.02 where, in reference to Fig. 4, the BO
etch rate is minimized. At low silane flow N2/SiH4

50.56 leads ton52.0 films, while at 28 sccm silane flow
N2/SiH450.70 is required. At 30 sccm silane flow, as show
in Fig. 4, a still higher N2/SiH4 ;0.75 is necessary to reac
an index of 2.0.

The dependence of stress and the BOE etch rate on
microwave power is sensitive to the silane flow~effective
deposition rate!. High silane flow is shown in Fig. 6~a!. For
this set of runs, the deposition rate is 550650 Å/min. At
lower microwave powers the film stress is low compressi
and the BOE etch rate is high. As microwave power
creases from 750 to 1125 W, the stress increases line
while the BOE etch rate drops dramatically, from;600 to
,150 Å/min. Above this power, the BOE etch rate satura
at a low value, while stress continues to increase. At low
silane flows, Fig. 6~b!, the BOE etch rate is,150 Å/min
independent of microwave power, while the compress
stress is higher and retains the linear relationship with
microwave power. The deposition rate in this case
215615 Å/min.

The effect of changing microwave power on the film I
absorption is plotted in Fig. 7 for films deposited under t
high deposition rate conditions of Fig. 6~a!. The FTIR spec-
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2617 Doughty et al. : Silicon nitride films deposited at substrate temperatures 2617
tra indicate minimal hydrogen content, consistent with
BOE etch data and stress of Fig. 6~a!. The Si–N peak falls at
830 cm21, identical to the value observed for thermal nitrid
films.8

The hydrogen content derived from the spectra of F
7~a! is summarized in Fig. 7~b! as a function of microwave
power during deposition. For microwave powers.935 W,
the hydrogen content is minimized and independent of
microwave power. At low microwave power the hydrog
content increases by 30%, although the ratio of Si–H
N–H remains constant.

Some minimum ion current to the growth surface is
quired to fully densify the film. Seawardet al. have reported
similar results for SiO2 deposition in an electromagnet EC
system,7 where high-quality films required a ratioJi /J0

.20 between the ion flux,Ji estimated from the ion satura
tion current drawn by a Langmuir probe, and the deposit
flux, J0, determined from the growth rate. There are lar
uncertainties inherent in estimatingJi /J0 for this system,
both because plasma diagnostics cannot be done for the
process plasma, and because of uncertainties in the de
and microstructure of the films. Qualitative trends can
evaluated, however, at a deposition rate of 550 Å/min a
microwave power of 1500 WJi /J0;5. At 750 W micro-
wave power,Ji /J0 decreases to;2.5 as the ion current falls
At a deposition rate of 200 Å/min, the estimate ofJi /J0

increases from;7 to 14 as the microwave power increase

FIG. 6. Effect of microwave power on compressive stress and the BOE
rate for films deposited at~a! 28 sccm SiH4, 550650 Å/min deposition rate
and N2 /SiH450.70 and~b! 12.5 sccm SiH4, 215615 Å/min deposition rate
and N2 /SiH450.56. For high SiH4 flow and deposition rate conditions, low
microwave power results in a high BOE etch rate, while at a lower dep
tion rate, the microwave power has little effect on the BOE etch rate.
JVST A - Vacuum, Surfaces, and Films
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From Fig. 6, a power of;1100 W, and hence,Ji /J0 esti-
mated at 3.6 is required to deposit a film with a minim
BOE etch rate in this system. The low deposition rate fil
have Ji /J0.7 over all microwave powers and thus th
threshold is not observed. From Fig. 2~b!, the mean ion en-
ergy,e(Vp2Vf) is 12 eV, and a minimum of approximatel
40 eV/deposited silicon atom is required to produce a fi
with a low BOE etch rate. Application of rf bias to the su
strate during deposition is an alternate method of manip
tion of the energy/deposited atom which was not investiga
here.

The FTIR data of Fig. 7 indicate little change in the pr
portion of hydrogen bound at Si–H or N–H sites over t
range of microwave power studied. The total hydrogen c
tent decreases by 25% between 750 and 935 W microw
power. The dramatic decrease in the BOE etch rate ab
;1100 W microwave power illustrated in Fig. 6 relates
both decreasing hydrogen content and increasing film den
resulting from increased ion bombardment. This conclus
is consistent with the increase in compressive stress obse
at higher microwave powers.

ch

i-

FIG. 7. ~a! FTIR absorption of films deposited with 28 sccm SiH4 flow and
microwave powers of~i! 750, ~ii ! 935, ~iii ! 1125, and~iv! 1500 W. ~b!
Changes in hydrogen content derived from absorption spectra as a fun
of microwave power.
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IV. CONCLUSIONS

The deposition of silicon nitride at substrate temperatu
,100 °C requires that the thermal energy available at hig
substrate temperatures be replaced with bombardmen
low energy ions and/or more complete dissociation and a
vation of the precursors. We have reported silicon nitr
deposition in a permanent magnet ECR PECVD reactor. T
system is capable of producing a uniform plasma w
plasma density.1011/cm3 over areas of 300 mm in diam
eter. The effect of varying process variables on film qua
were investigated. This system is capable of depositing
compressive stress~,400 MPa!, low 10:1 BOE etch rate
low-hydrogen-content films at substrate temperatu
,100 °C. The dependence of film quality on process va
ables may be summarized as follows:

~i! The hydrogen content is determined by both t
N2/SiH4 ratio in the feedstock gas and the microwave pow
At a deposition rate of 590–680 Å/min and constant mic
wave power of 1200 W, the hydrogen content is minimiz
for N2/SiH4 ;0.75. As the ratio N2/SiH4 decreases the film
index of refraction increases and H moves from N to
bonding sites.

~ii ! As a function of microwave power, the hydrogen co
tent is minimized for powers.935 W for films deposited a
rates of;550 Å/min.

~iii ! For films deposited at rates of;550 Å /min, a thresh-
old in microwave power of;1100 W exists below which
films with high BOE etch rates and low compressive str
are obtained. The threshold corresponds to;4 ions/
deposited atom and;40 eV/deposited atom. Above;1100
W microwave power, the BOE etch rate is,150 Å/min and
the primary effect of increasing microwave power is to
crease film stress.

The low temperature used here allows for deposition o
wide variety of temperature sensitive substrates. Increase
substrate temperature to the;300 °C range may also allow
for a combination of ion-assisted deposition and therm
J. Vac. Sci. Technol. A, Vol. 17, No. 5, Sep/Oct 1999
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chemistry at the growth surface. This might allow for dep
sition of nitrides with very low hydrogen content and ga
quality dielectric properties. The electronic properties
these nitrides will be the subject of future investigation.
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