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A systematic investigation of the influence of the process parameters temperature, pressure, total gas
flow, and SiH2Cl2:NH3 gas flow ratio on the residual stress, the refractive index, and its
nonuniformity across a wafer, the growth rate, the film thickness nonuniformity across a wafer, and
the Si/N incorporation ratio of low pressure chemical vapor deposition SixNy films has been
performed. As a tool for complete characterization of the property-deposition parameter relations, a
full factorial experimental design was used to determine the dominant process parameters and their
interactions. From this study it could be concluded that, in decreasing order of importance, the gas
flow ratio of Si and N containing precursors, temperature, and pressure are the most relevant
parameters determining the mechanical and optical properties of the films and the deposition rate
and nonuniformity in film properties across a wafer. The established relations between properties
and deposition parameters were fitted with physical–chemical models, including a film growth
model based on a Freundlich adsorption isotherm. The optimal deposition conditions for films to be
used in micromechanical devices will be discussed. ©1996 American Vacuum Society.
r

m

t

t

l
r
-

S

e

e

-
f

,

-

e

e

s
e-

ll

e
n-
y

,

I. INTRODUCTION

Thin films of silicon nitride, SixNy , are of special interest
for microsystem technology, e.g., as a construction mate
in micromechanical sensors1 or in x-ray masks.2 One of the
commonly used processes in this field is low pressure che
cal vapor deposition~LPCVD! of the material from a gas
mixture of dichlorosilane~DCS!, SiH2Cl2, and ammonia,
NH3, at temperatures between 700 and 900 °C, the use
low pressures~below 1 Torr! generally results in an excellen
uniformity of film thickness and composition and conforma
step coverage.3 Standard processes as used in the integra
circuit ~IC! industry, where silicon nitride is used as a pass
vation layer or as a mask for the selective oxidation of si
con, employ an excess of ammonia, resulting in a nea
stoichiometric Si3N4 film. Because of the large tensile re
sidual stress existing in these films, they are less suitable a
construction material in mechanical devices, like resona
strain gauge sensors.1 As was shown by Sekimotoet al.,2

stress reduction and even stress reversal from tension
compression can be accomplished when an excess of DC
used. It seems that the deposition of Si-rich SixNy is more
sensitive to variations in processing conditions than that
stoichiometric Si3N4. For example, hardly any changes in th
refractive index or the film stress occur if the DCS:NH3 mole
ratio is varied from 1:2 to 1:20,4,5 while in the case of Si-rich
films only small changes in the DCS:NH3 mole ratio can
result in relatively large variations in the index and the m
chanical stress.2

*Published without author corrections.
a!Author to whom correspondence should be addressed; Electronic m
gds@el.utwente.nl

b!Present address: CP Clare Corporation, Overhaamlaan 40, B-3700 T
geren, Belgium.
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This article describes the results of a systematic investi
gation of the influence of process parameters in LPCVD o
Si-rich SixNy on several properties of the resulting films. The
primary parameters that control the growth of thin films in
this process are temperature, total pressure, total gas flow
and reactant concentrations~gas flow ratios!. The influence
of these parameters will be studied with the aid of a statisti
cal factorial experimental design.6–8 Factorial experiments
are very useful for measurement problems in which a large
number of experimental parameters are involved; they ar
especially suited for systems in which interactions between
parameters exist, which are not simple superpositions of th
individual effects of the parameters. The determination of the
relation between film properties and deposition variables in
an LPCVD reactor is such a measurement problem. This i
the reason why several researchers have applied factorial d
signs to investigate electrical properties9 and thickness
uniformity10 of LPCVD SixNy films as a function of deposi-
tion conditions. In our study a full factorial design6 will be
used as a tool for process characterization. The results wi
be interpreted on the basis of theoretical~or empirical, if no
adequate theory is available! models.

II. EXPERIMENTAL PROCEDURE

A. LPCVD equipment and processes

Most of the experimental work was performed in a com-
mercially available LPCVD hot-wall reactor~ASM!
equipped with a 135/141 mm quartz tube. The three-zon
reactor was resistance-heated and the evacuation system co
sisted of a Leybold–Heraeus two-stage mechanical rotar
pump~65 m3/h!. The process was microprocessor controlled.
The gas flow rate was controlled by mass flow controllers

ail:
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TABLE I. Responses and measurement techniques.

Response Measurement technique

Residual stress~s0!
a Wafer curvature, modified bulge method

Refractive index (n)a Ellipsometry~632.8 nm!
Refractive index nonuniformity across wafer
(Dn/n)a

Ellipsometry

Thickness nonuniformity across wafer (Dd/d)a Ellipsometry
Deposition rate~Rdep! Ellipsometry, deposition time
Atomic ratio of silicon and nitrogen~Si/N! RBS and AES

aThe ellipsometric data~thickness and refractive index! were obtained by averaging over nine points arranged
in a 333 matrix; the nonuniformities in thickness and refractive index are the standard deviations for the
average values.
while the process pressure was measured at the gas inlet
Baratron gauge~0–10 Torr!. Pressure control was accom
plished by injection of nitrogen at the pump inlet. Temper
ture profiling of the reactor tube was done under vacuu
conditions in 200 mTorr N2. A flat temperature profile was
set over a length of 20 cm. To check the generality of t
results, some experiments were performed in another rea
~Tempress!, which had the same configuration, except for
flat temperature zone of 25 cm.

The process scheme for both reactors was practically
same: before the beginning of a run or a number of runs
pre-deposition run was done, during which proper operat
of the system was checked, lines were purged, and the t
and other quartz ware were covered with a fresh layer
SixNy . This procedure improved the reproducibility of th
process.

Before the silicon wafers were loaded, they were r
through a cleaning cycle consisting of: fuming HNO3 ~5
min!, de-ionized H2O rinse, boiling HNO3 ~10–15 min!, and
de-ionized H2O rinse, and dried by spinning. The wafer
were manually loaded into the reactor tube and position
concentric with the tube, with their polished sides facing t
inlet side of the system; three dummy wafers were placed
front of and behind the process wafers. The wafer spac
was 6.6 mm for the ASM and 4.5 or 9.0 mm for the Tem
press reactor. Substrates used were 2 in.~for the ASM reac-
tor! or 31 in. ~100! Si wafers ~for the Tempress reactor!,
phosphorous doped~5–10V cm! and~280625! mm thick in
the case of 2 in., and~380625! mm in the case of 3 in.
wafers.

B. Design of the experiments

A complete experiment, in order to find SixNy films with
optimal mechanical properties for micromechanical senso
would be composed of three phases: I. a screening exp
ment, II. a response surface experiment, and III. an optim
zation experiment. Depending on the particular applicatio
simultaneous optimization of parameters other than mech
cal ~e.g., refractive index for mechano-optical devices! may
be desirable. Since in this article we do not intend to foc
on one particular application, optimization experiments w
not be discussed here, and only the first two phases will
described in detail.
echnol. A, Vol. 14, No. 5, Sep/Oct 1996
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The screening experiment in this study consists of a two-
level full factorial experiment,6–8 aimed at the selection of
the relevant primary deposition parameters~to be called
‘‘factors’’ ! with respect to their influence on the film prop-
erties~to be called ‘‘responses’’!. Although two-level facto-
rial designs are unable to explore a wide region of the factor
space, they can determine which variables have a statistically
significant influence on the output, thus indicating a promis-
ing direction for further experimentation.

The second phase of the experiment consists of a ‘‘re-
sponse surface experiment’’6–8 on the factors that showed
the most significant impact on the film properties during the
screening phase. The outcome of this experiment will be a
relationship between one or more measured responses and a
number of factors. From this experiment, a measure can be
obtained of the sensitivity of a particular response to factor
variations. For our purposes the residual film stress is the
most interesting response. One specific goal of the experi-
ment is to find the processing conditions for growing films
with very low tensile strain~smaller than 531024!. Such
films are most suited as the primary construction layer in,
e.g., surface-micromachined silicon beam resonators.1,11

C. Measurement techniques

The output responses together with the measurement tech-
niques used are listed in Table I. In phase I of the experiment
the film stress was determined with the aid of a modified
bulge method.12 In the original bulge method,13 a known
pressure difference is applied across a membrane which is
composed of the film material to be investigated. The rela-
tionship between pressure and deflection at the center of the
diaphragm is measured. The residual stresss0 ~and in fact
also the Young’s modulus! can be determined from a curve
fit through the measured data points. In the modified bulge
method the force of the stylus of a mechanical surface pro-
filometer is used to cause a deflection of the membrane. The
deflection versus load curve will obey a relation of the kind12

F5C1s0dw01C2c~w0
3! ~1!

in which d is the film thickness andc ~w0
3! is a function of

the third power of the deflection of the center of the mem-
brane,w0; sinceC1 andC2 are constants which are difficult
to obtain exactly,12 the absolute value ofs0 obtained from
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2881 Gardeniers, Tilmans, and Visser: LPCVD silicon-rich silicon nitride films 2881
load-deflection plots with the help of this equation will b
incorrect, which is a serious drawback of the method. M
surements ofs0 on different films can, however, still be
compared, if the measurement conditions are kept as c
stant as possible~e.g., membranes of the same size a
shape, and films with approximately the same Youn
modulus should be used!. Another drawback of the method
~and of bulge methods in general! is that it is not possible to
measure films that are under compressive stress. For t
reasons we have used the bulge method only in the scree
experiment to obtain qualitative information on the residu
stress. The SixNy membranes required in the modified bulg
test were fabricated by etching holes from the backs
through the wafers with the aid of a 33 wt % aqueous KO
solution at 75 °C. During etching the nitride film was pro
tected in a specially designed wafer holder. This precau
is not really necessary, since the KOH etchant etches
SixNy layer with a rate of less than 2 nm/h,11,14 with etch
rates almost independent of the Si content of the layer.14 The
width of the resulting square diaphragms was~0.4460.02!
mm. Figure 1 shows some typical load-deflection data. R
sidual stresses were obtained from the slope of such curv
low deflection, which according to Eq.~1! should be equal to
(C1s0d)

21. The value ofC1 was estimated from the data i
Fig. 3 of Ref. 12, and was found to be 1.6.

The thickness and the refractive index of the silicon
tride films, as well as the nonuniform across the wafer
these two properties, were measured with a Ga¨rtner or a
Plasmos ellipsometer, both at a single wavelength of 63
nm ~see footnote of Table I!.

In phase II of the experiment the residual stress was m
sured by wafer curvature, which allows the determination
both tensile and compressive stresses. The curvature
measured by scanning the surface of the wafers with a
chanical surface profiler~Sloan DEKTAK 3030! in two di-
rections, viz., parallel and perpendicular to the flat. For ea
wafer three of these measurements were performed:~i! with

FIG. 1. Deflectionw0 at the center of the diaphragm vs the applied weig
measured on two different samples~see Table III for sample identification
codes!. The dimension of the diaphragms was 4353435mm2.
JVST A - Vacuum, Surfaces, and Films
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SixNy ‘‘as-deposited’’ on both sides of the wafer,~ii ! after
removal of the film on the backside, and~iii ! after removal of
the films on both sides. The differences in curvature between
~i! and ~ii ! and between~ii ! and ~iii !, together with the two
different scan directions, give a total of four determinations
of residual stress for each wafer. Removal of the SixNy from
the backside of the wafer was done by a reactive ion etching
process~5 sccm SF6, 50 sccm N2, 2.6 W cm22 rf power, at
20 mTorr and 25 °C!. During this process the front side of
the wafer was protected with a thick photoresist coating. In
some cases the curvature of the wafer was too low to be
measured accurately. In those cases the wafer was thinned
an aqueous 33 wt % KOH solution at 72 °C~see the remarks
above!.

Rutherford backscattering~RBS! was used to determine
the atomic ratio Si/N of two of the samples of the phase I
experiment~samples N17 and N23, see Table III, which will
be discussed later!. The atomic ratio of the other samples in
phase I was obtained from Auger spectroscopy data, usin
the RBS data as a standard. The film composition was deter
mined from the ratio of the peak-to-peak heights in the
dN(E)/dE mode for two combinations of transitions, viz.,
the Si-LVV and N-KLL transitions, and the Si-KLL and
N-KLL transitions. According to Keim and Aite,15 the
former of the two ratios is a better probe of the chemical
composition.

For a few samples Fourier transform infrared spectros-
copy ~FTIR! and x-ray diffraction~XRD! were used to de-
termine the hydrogen content~Si–H and N–H bonds! and
the crystallinity of the films, respectively.

In this article, we use as a convention that a negative
stress value indicates compressive stress.

III. SCREENING EXPERIMENT

As discussed in the foregoing section, the primary depo-
sition parameters for LPCVD SixNy are temperatureT, total
pressurep, total gas flowf, and the DCS:NH3 gas flow ratio
R. A two-level full factorial experiment on all four factors
would require 24516 runs. In addition, genuine replicate
runs are generally required to provide an estimate of the
variance or standard deviation of the effects. From literature2

it is known that temperature is a statistically significant fac-
tor. To avoid an excessively large number of runs, the pro-
cess temperature was not taken as a variable in phase I, b
fixed at 800 °C~in the second phase of the experiment tem-
perature will be included, leading to the required information
on factor interaction effects!.

The experiment performed was a two-level factorial, with
pressure, total gas flow, and the gas flow ratio DCS:NH3 as
factors. For a two-level factorial experiment, only factor val-
ues at the extremes of their ranges are investigated. To gai
some insight into the curvature of factor response, four cen
ter point runs are included, in which the factors are set at a
value halfway to the extremes of their ranges; replicate cen
ter point runs are used to obtain an estimate of the experi
mental error variance.6

ht,
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The levels of the factors examined are listed in Table
From preliminary runs, the deposition rate is approximate
known for different processing conditions. The depositi
time was chosen such that the film thicknesses were clos
100 nm.

The experimental run design is shown in the first fiv
columns of Table III in the form of a truth table. The hig
and low values of each variable are represented by a ‘‘1’’
and ‘‘2’’ symbols, respectively. The center points are ind
cated by ‘‘0.’’ The order of the runs was randomized
reduce bias errors that arise from following a redundant p
tern. The actual run order is also listed in Table III.

A. Results

The raw data for phase I, together with the design matr
are given in Table III. The data were reduced using Yate
algorithm6 to yield Table IV, which shows the effects of th

TABLE II. Levels for the three factors chosen for study in phase I.

Factor

Levelsa

Unit2 1 0

Pressure (p) 200 500 350 mTorr
Flow ~f! 44 88 66 sccm
Flow ratio (R)b 1 10 5 sccm/sccm

aThe levels are marked ‘‘1,’’ ‘‘ 2,’’ and ‘‘0’’ for, respectively, the high,
low, and center point values. The temperature was fixed at 800 °C.
bR5f ~SiH2Cl2!/f ~NH3!.
J. Vac. Sci. Technol. A, Vol. 14, No. 5, Sep/Oct 1996
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main factors and their interactions~see Ref. 6 for a general
discussion of the meaning of main and interaction effects!.

From the RBS measurements it is concluded that the C
content of the films N23 and N17 is below 1%~see Fig. 2!.
This is consistent with the results of Gregoryet al.9 and
Zhanget al.,16 who, with the aid of RBS, found 0.09 and 1
at. % Cl, respectively, in their LPCVD SixNy layers. In our
layers the oxygen content was below the detection limit.

B. Conclusions and consequences for the next phase
of the experiment

In Table IV the significant effects, i.e., the effects larger
than the confidence levelS95, have been underlined. From
Table IV it can be concluded that fors0 and Si/N the mass
flow ratioR is the only significant factor~when the tempera-
ture is kept constant!. As expected, an increase inR results in
an increase of the Si/N ratio in the film. Due to the relatively
large errors in the determination of the atomic ratios from the
RBS and Auger data, the noise level is large. This explain
why the DCS/NH3 ratio shows up as the only significant
parameter for this case. Similarly, the large errors in the mea
surement of stress do not allow the identification of effects
other than that of the mass flow ratio.

The refractive index data show a total of four significant
effects. For this responseR is the most important, whilep
and the interaction ofp andR have a significant influence as
well. The effect of total gas flow is marginal; only a signifi-
cant, slight interaction off with R is found, which is, how-
-

TABLE III. Design matrix and raw data of the phase I experiment~ASM reactor, 2 in. wafers!.

Wafer
id.

Run
order p f R n

s0 in
MPa

Rdep in
nm/min

Dd/d
in % Si/Na

d in
nm

N17 3 2 2 2 2.012 830 3.36 0.15 0.77 100.7
0.82

N18 5 1 2 2 1.995 880 4.36 0.58 0.78 91.6
0.84

N19 9 2 1 2 2.015 780 4.66 0.26 0.77 93.2
0.83

N20 1 1 1 2 2.004 880 6.99 0.98 0.78 90.9
0.84

N21 8 2 2 1 2.257 230 1.81 0.61 1.02 106.8
0.95

N22 4 1 2 1 2.353 180 1.92 1.81 1.14 89.8
0.98

N23 10 2 1 1 2.236 250 3.07 0.45 1.04 104.4
0.96

N24 6 1 1 1 2.315 290 3.90 2.28 1.04 113.2
0.94

NC1 7 0 0 0 2.106 660 4.03 0.72 0.87 121.0
0.93

NC2 11 0 0 0 2.092 630 4.02 0.70 0.87 100.5
0.97

NC3 2 0 0 0 2.088 680 4.14 0.78 0.87 93.2
0.84

NC4 12 0 0 0 2.101 660 4.09 0.75 0.87 112.3
0.93

aThe relative error in the ratios is;6%; the upper value for each wafer was determined from the Si-LVV:N
KLL peak-to-peak distance ratio, the lower from the Si-KLL:N-KLL ratio~see experimental section!.
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TABLE IV. Calculated effects for the phase I experiment.a

Effect n s0 ~MPa! Rdep ~nm/min! Dd/d ~%! Si/Nb

Mean 2.148 540 3.76 0.89 0.92
0.90

p 0.037 40 1.07 1.05 0.04
0.01

f 20.012 30 1.79 0.21 20.02
20.01

R 0.284 2600 22.17 0.80 0.29
0.13

pf 20.003 40 0.51 0.23 20.03
20.02

pR 0.051 240 20.60 0.47 0.03
20.01

fR 20.018 50 20.17 20.05 20.02
20.01

pfR 20.006 10 20.15 0.09 20.03
20.01

Mean of 2.097 660 4.07 0.74 0.87
NC runs 0.92
S1

c 0.009 30 0.06 0.04 0.05
0.06

S95
c 0.014 50 0.09 0.06 0.08

0.09

aThe significant effects have been underlined.
bSee footnote of Table III.
cS1 is an estimate of the standard deviation for a particular response, obtained from either the center point runs
or the measurement accuracy, depending on which of the two is larger;S95 is the size of the 95% confidence
level for the hypothesis that the effect is due to random fluctuations only; in this particular caseS9551.6S1 ~see
Ref. 6!. Effects are considered statistically significant if they are larger than this 95% level.
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ever, very close toS95 and therefore not very important.
The deposition rate is a response which includes ev

significant three-way interaction. The influence of all th
deposition parametersp, f, andR on the deposition rate
strong. Both increases in pressure and flow result in an
creased deposition rate. The steepness of the increase
deposition rate, when either pressure or flow is increa
depends on the levels of the other parameters, as the in
tion effects, especially those including the pressure, are

FIG. 2. RBS spectrum of sample N17.
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significant. For example, the increase in deposition rate whe
the pressure is raised from 200 to 500 mTorr is stronger a
high flow levels, irrespective of the gas flow ratio. Increasing
R, on the other hand, results in a decrease of the depositio
rate.

The thickness nonuniformity also shows a complex inter-
action mechanism among the different deposition variables
Pressure is the most important factor here. As was expecte
reduced pressure levels show a better uniformity. But it is
also observed that the process of growing stoichiometric ni
tride ~samples N17–N20! yields a better thickness unifor-
mity than the silicon-rich films~samples N21–N24! depos-
ited at higher R values, keeping the other parameters
constant.

Some words should be said about the meaning of ‘‘inter-
actions.’’ In general, for experimental systems in which the
effects of the factors are independent, all interaction effect
are found to be zero, which means that the response to
specific change in a certain factor is the same for all value
of the other factors, or, in other words, that the response to
combination of changes in several factors is a simple linea
superposition of the responses to each individual factor. I
one finds nonzero interaction effects in such a case, thes
effects are due to experimental errors and can thus be used
an estimate of these errors. In fact, in such a situation les
experiments are required in order to still obtain sufficient
information about the behavior of the experimental system
under study. This leads to the development of experimenta
designs with fractional factorials.6–8
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However, for most experimental systems~and especially
those systems in which a number of complex chemical re
tions are running both sequentially as well as parallel, e
chemical vapor depositions! the effects of factors are no
independent. For those cases, full factorial experiments h
to be used to obtain the information required to have a co
plete picture of the physical–chemical behavior of the s
tem and to be able to construct reliable response surfa
The significant interaction effects which were found in th
study ~see Table IV! indicate that for LPCVD of SixNy the
choice of a full factorial experiment is a good one.

As mentioned before, it is possible to obtain informati
about the curvature of the response-factor relation from
center point runs. To investigate this, one should comp
the average values of the center point runs with the m
values obtained from the Yates treatment of the meas
ments; if a linear behavior exists in the factor space betw
the 1 and2 levels, the Yates values and the mean valu
should be equal. The mean values are shown in Table
Comparison shows that, with the exception of Si/N, all ce
ter point runs deviate significantly from the mean valu
which suggests a nonlinear response of the investigated
properties to all the important factors.

In conclusion, we have found that the DCS:NH3 mass
flow ratio is the most important factor for most of the studi
J. Vac. Sci. Technol. A, Vol. 14, No. 5, Sep/Oct 1996
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responses. For several responses, especially those descri
the kinetics of the deposition process, viz.,Rdep andDd/d,
also the pressure in the reactor tube is important. Statistica
significant interactions of these factors have also been foun
In the next phase of the experiment we shall therefore ha
to include both these factors, with an emphasis on the ma
flow ratio. The total mass flowf is found to be of less
importance; variation of this factor only affects the depos
tion rate and, to a much lesser extent, the uniformity of dep
sition. In general, it is preferable to have a high depositio
rate, which can best be achieved by an increase in the to
gas flow. In the second phase of the experiment, describ
below, we shall fix the gas flow at the high level of 88 sccm

IV. RESPONSE SURFACE EXPERIMENT

For response surface construction,6 which, as concluded
above, will be done with the factorsT, p, andR, at least

TABLE V. Levels for the factors chosen for study in phase II.

Factor Levels Unit

2 1 0
Pressure (p) 200 410 350 mTorr

Temperature (T) 800 850 2 °C
l

TABLE VI. Design matrix and results of the phase II experiment~ASM reactor, 2 in. wafers!.

Wafer
id.

Run
order T p R n

Dn/n
in % s0 in MPaa

Rdep in
nm/min

Dd/d
in %

d in
nm

N25A 3 2 2 0.10 1.990 0.08 13006170 2.57 0.52 51.4
N25 29 2 2 0.10 2.033 0.04 11906 90 2.86 0.39 100.2
N26 4 2 2 1.00 2.071 0.10 10706100 5.01 0.19 100.1
N27 5 2 2 5.29 2.204 0.04 6806170 3.68 0.47 92.1
N28 7 2 2 10.0 2.335 0.10 606 50 3.13 0.72 100.0
N29 6 2 2 13.7 2.548 0.27 406170 2.66 0.87 98.3
N30 10 2 1 0.10 1.994 0.09 •••b 3.83 0.70 107.1
N31 9 2 1 1.00 2.031 0.10 10606 90 6.62 0.84 122.0
N32 11 2 1 5.29 2.252 0.17 •••b 5.04 1.68 110.8
N33 13 2 1 10.0 2.471 0.33 1406 30 3.60 2.27 89.9
N34 12 2 1 13.7 2.710 0.46 21106 80 2.90 3.00 69.7
N35 18 1 2 0.10 2.030 0.03 13706180 4.05 0.77 81.1
N36 15 1 2 1.00 2.065 0.03 9606 90 8.68 0.41 86.8
N37 16 1 2 3.00 2.150 0.06 5406110 7.03 0.69 84.4
N38 17 1 2 5.77 2.304 0.12 1106100 5.35 1.31 74.9
N39 19 1 2 8.78 2.542 0.26 21606140 4.21 2.02 71.6
N40 25 1 1 0.10 2.024 0.05 12306 40 4.23 1.31 76.2
N41 23 1 1 1.00 2.064 0.06 11006 40 10.95 0.96 98.5
N42 27 1 1 3.00 2.173 0.20 6606 40 8.61 1.70 94.8
N43 24 1 1 5.77 2.387 0.41 1606160 5.72 3.31 85.8
N44 26 1 1 8.78 2.717 0.67 06110 4.12 4.77 65.9
NC10 1 2 0 5.00 2.197 0.11 6206 30 3.64 1.21 91.0
NC11 2 2 0 5.00 2.207 0.11 6306 20 3.84 1.30 95.9
NC12 8 2 0 5.00 2.213 0.10 7206100 4.02 1.26 100.4
NC13 14 2 0 5.00 2.217 0.11 6506110 4.09 1.23 102.2
NC14 21 2 0 5.00 2.215 0.10 •••b 3.98 1.15 99.4
ND1 20 1 0 5.00 2.299 0.20 2506 50 4.76 2.82 57.1
ND2 22 1 0 5.00 2.327 0.26 2206 90 4.83 2.27 96.7
ND3 28 1 0 5.00 2.338 0.30 1706150 4.88 2.55 97.6

aThe stresses are the averages obtained from four scans across the wafer, as indicated in the experimenta
section; the errors are the standard deviations in these averages.
bError in measurement too large~see the text!.
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three levels for each factor should be used, which allows
approximation of the surface by a quadratic function. A fu
factorial design thus requires at least 33527 runs. Although
the design requires a large number of runs, it might still n
provide a very accurate representation of the functional re
tionship between factors and responses. Since it was foun
phase I of the experiment that the gas flow ratio is the dom
nating parameter within the range of factor levels examin
we decided to take five levels for this factor, and only tw
for temperature and pressure.

The variable assignments for this experiment are shown
Tables V and VI. The extreme levels defining the tempe
ture range are based on the results published by Sekim
et al.,2 who concluded that for the preparation of SixNy films
with small residual stress, high temperature deposition is
fective. The low level for pressure is the same as during
first phase. Because of the unacceptable nonuniformity lev
which we found for depositions at 500 mTorr, the high pre
sure level is chosen at 410 mTorr. Five levels for the g
flow ratio for every possible combination of pressure a
temperature were chosen. The levels for the ratio are
chosen the same for the two different temperatures, beca
at the high temperature level~850 °C! it is expected that the
conditions at which the stress will reach a zero value occu
lower flow ratio levels.2 In addition to the actual runs, occa
sionally runs were performed to check possible drift of t
system. Two sets, one for every temperature level, w
used. The set points for these so-called ‘‘calibration run
are: R55.00, p5350 mTorr,f566 sccm, andT5800 °C
~‘‘NC’’ runs ! or T5850 °C ~‘‘ND’’ runs !.

Residual film stresses were calculated from wafer cur
ture measurements with the aid of the following equati
~assuming thatts!d!17,18

s05
4

3

Es

~12ns!

ts
2

d

d

D2 ~2!

in which Es and ns are the Young’s modulus and Poisso
ratio of the substrate material, respectively~for silicon
Es/(12ns)51.831011 Pa!, ts the thickness of the silicon
wafer, andd the deflection at the center of a surface sc
over a distanceD. In most casesD was 50 mm.

A. Results

The results of the measurements on 2 in. wafers for
ASM reactor are gathered in Table VI. The refractive inde
the nonuniformity in the index, the stress, the deposition ra
and the thickness nonuniformity are graphically displayed
a function of the gas flow ratioR for two different levels of
temperature and pressure in Figs. 3–7.

Some wafers were of such a low quality~i.e., their thick-
ness was very nonuniform!, that relatively large errors in the
measured stresses occurred, and no meaningful data cou
obtained. Thes0 measurements for these cases have b
omitted from Table VI. In order to obtain the desired r
sponse surfaces, these experiments have been repeat
another reactor~Tempress! with 3 in. wafers. The resulting
data are shown in Table VII. Also, some other data obtain
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in the latter reactor and results obtained in a home-built
reactor11 are included in this table. All the data in Table VII
corresponding to the2 and1 levels ofp andT of Table V
have been included in Figs. 3–7.

As before, the significance levels for the experimental de-
sign can be derived from the center point runs. Using only
the data of the NC and ND runs in Table VI, we obtain the
values listed in Table VIII. It can easily be checked that the
center point values fit into the trends in Figs. 3–7. Further-
more, the refractive index and stress data obtained for similar
runs in another reactor~samples NC15 and ND4 in Table

FIG. 3. Refractive index vsR for films deposited atT~2!5800 °C orT~1!
5850 °C and atp~2!5200 mTorr orp~1!5410 mTorr.S95 denotes the
95% significance level for the parameter on the vertical axis~see Table IX!.
The lines are guides to the eye and do not represent a physical model.

FIG. 4. Refractive index nonuniformity vsR for films deposited atT~2!
5800 °C orT~1!5850 °C and atp~2!5200 mTorr orp~1!5410 mTorr.
The arrows indicate data which do not agree with the general trends~see
also remarks to Fig. 3 and the text!.
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VII ! are in reasonable agreement with the data in Table V
however, some discrepancies exist in the deposition rate
thickness nonuniformity data for the center point runs in t
two reactors~compare, e.g., NC15 with the mean values f
the NC runs in Table VIII, see also the data points mark
with arrows in Figs. 4 and 6!.

B. FTIR and XRD

For samples RN5 and RN6~Table VII! some FTIR mea-
surements were performed, in order to obtain informati

FIG. 5. Graphs illustrating the effects of the deposition parameters on
residual stresss0 ~see also remarks to Fig. 3!.

FIG. 6. Deposition rate in nm min21 vs R for films deposited atT~2!
5800 °C orT~1!5850 °C and atp~2!5200 mTorr orp~1!5410 mTorr.
The arrows indicate data which do not agree with the general trends~see
also remarks to Fig. 3 and the text!.
J. Vac. Sci. Technol. A, Vol. 14, No. 5, Sep/Oct 1996
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about the hydrogen concentration in the SixNy layers; for
comparison a measurement on a plasma enhanced CV
~PECVD! SixNy film was also included~see Ref. 14 for
deposition conditions!. For sample RN5 an absorption peak
was found at 3280 cm21, which can be attributed to the N–H
bond stretching mode.20 The measured resonance frequency
was rather low, compared to values of 3300–3335 cm21 re-
ported by others;21–24 the shift to a lower frequency may be
due to N–H–Nhydrogen bonding.23,25 For sample RN6 no
IR absorption for the N–H stretching mode was found, while
in the PECVD sample a rather intense absorption peak w
found at 3310 cm21. In contrast to samples RN5 and RN6,
where no Si–H stretching resonance was found, in th
PECVD sample a peak was found at 2180 cm21; this fre-
quency compares well with reported values for Si–H stretch
ing in SixNy , which range from 2160 to 2220 cm21.21–24All
investigated samples contain a strong absorption band
;860 cm21, which is attributed to asymmetric Si–N bond
stretching;20 between the different samples some minor dif-
ferences in the shape and width of this band were observe
but these were not analyzed further.

From the absorption intensities of the Si–H and N–H
stretching bands and reported absorption cross sections26 we
estimated the following hydrogen concentrations: for sampl
RN5: ~763!31021 cm23, with all hydrogen atoms bonded to
nitrogen; for the PECVD sample:~662!31021 cm23 H at-
oms bonded to nitrogen and~1.860.5!31021 cm23 bonded to
silicon; in sample RN6 no hydrogen was detected. Thes
concentration data compare well with values reported b
others.4,27

Several samples were studied by XRD, but no diffraction
peaks other than those belonging to the Si substrate we
found, indicating that the SixNy films are amorphous; the Si
crystallites mentioned in literature28 were not observed.

theFIG. 7. Thickness nonuniformity vsR for films deposited atT~2!5800 °C
or T~1!5850 °C and atp~2!5200 mTorr orp~1!5410 mTorr ~see also
remarks to Fig. 3!.
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TABLE VII. Additional data, obtained in different LPCVD reactorsa

Wafer
id. Reactor T p R n

Dn/n
in % s0 in MPa

Rdep in
nm/min

Dd/d
in %

d in
nm

N45 ASM 1 2 0.52 2.051 0.05 1110640 8.45 0.46 92.9
N46 ASM 1 1 7.8 2.616 0.80 2130680 4.58 4.29 82.5
N30A Tempress 2 1 0.13 1.993 0.01 7906110 4.60 0.82 82.7
N32A Tempress 2 1 5.6 2.252 0.53 3306140 6.56 1.86 105.0
N47 Tempress 2 2 3.1 2.154 0.09 5206170 5.47 0.33 120.3
N48 Tempress 2 1 3.1 2.091 0.05 9606110 7.86 0.90 78.6
NC15 Tempress 2 0 5.3 2.170 0.09 610690 5.89 0.97 88.3
ND4 Tempress 1 0 5.3 2.321 0.30 ••• 7.60 0.86 106.4
RN5 Tempress 2 2 0.33 2.008 0.10 1090640 4.77 0.37 439.1

1070680b

RN6 Tempress 1 2 3.9 2.138 0.23 300650 8.0 0.83 404.8
300620b

X Tempress 1 2 3.9 2.25 ••• 150630 ••• ••• 1000
170630b

Y Home-built 2 2 0.33 2.0 ••• 900b ••• ••• 370

aSee also Table VI; all wafers are of size 3 in. except N45 and N46, which are 2 in.; for samples RN5, RN6, and X the wafer spacing was 9 mm; data for w
X from Ref. 19, for sample Y from Ref. 11. All stress measurements by wafer curvature method, except the values marked with footnote b.
bMeasured by the bulge method as described in Ref. 13. All other measurements were done in the same way as for the experiments in Table VI.
i
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C. Statistical evaluation of phase II

Although it was not the main goal of the experiment
design of phase II, the experiments of this phase in fact
clude a 23 factorial design similar to the one performed
phase I. Statistical evaluation of this 23 factorial will not only
lead to a clear overview of the importance of the facto
which now also include temperature, but will also give va
able information about the reproducibility of the depositio
experiments and the consistency of the experimental m
ods used~like the effect of the use of a different method fo
residual film stress measurement in phases I and II!.

The factorial design we are referring to here consists
the samples with identification numbers N25, N28, N3
N33, N35, N39, N40, and N44~see Table VI!. Since it was
established in a previous section that the residual film str
data of films deposited in different reactors are consiste
the s0 value obtained for sample N30A~Table VII! can be
used to fill in the void for sample N30 in Table VI. Th
determination of the main and interaction effects of this d
sign, containing the factorsT andp ~with the high and low
levels as given in Table V!, and gas flow ratioR ~with lower
level 1.00 and higher level either 8.78 or 10.0!, is elaborated
in Table IX, using Yates’s algorithm.6 Although the higher
level of R is not the same for the complete design, releva
information can still be obtained.

It can be seen in Table IX thatR has a significant effect
on all responses, except the deposition rate. The latter i
clear contradiction with the results in Table IV, whereR was
found to be the most important factor forRdep. The reason
for this discrepancy can be seen in Fig. 6: the deposit
rates at the low value ofR ~i.e., 0.1, for wafers N25, N30~A!,
N35, and N40! and at the high value ofR ~i.e., 10.0 for
wafers N28 and N33, and 8.78 for wafers N39 and N44!, are
not very different, therefore we find only a small effect forR
in Table IX. In the 23 factorial experiment leading to Tabl
IV, however, the lower level forR was chosen at the value 1
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which happens to be a gas flow ratio rather close to the
maximum in the curve of growth rate versusR ~see Fig. 6!,
so that here a large effect ofR is found. This result shows
one of the serious drawbacks of a factorial experiment with
only two levels: if the levels are chosen on either side of a
maximum in the response~as is the case in Table IX!, too
small effects may be found and misleading conclusions will
be drawn.

The effect of temperature was not investigated in phase I.
The results of phase II indicate that it has a significant influ-
ence on the refractive index and its nonuniformity, growth
rate, and thickness nonuniformity. Its influence on residual
stress is smaller than the 95% significance level. In view of
the results of Sekimoto,2 this small influence of temperature
on the residual stress was unexpected and is in contradiction
with the trends indicated in Fig. 5. The fact that the data in
Table IX do not indicate temperature as an important factor
for the stress is mainly caused by the different high levels for
R ~10.0 forT5800 °C and 8.78 forT5850 °C!. These levels
were chosen such that only a small apparent temperature
effect is obtained~see Fig. 5!. The two-factor interaction

TABLE VIII. Average values and standard deviations for calibration runs.

Parameter n Dn/n in % s0 ~MPa! Rdep ~nm/min! Dd/d ~%!

NC mean 2.210 0.106 660 3.91 1.23
NC S1 0.008 0.006 50 0.18 0.06
ND mean 2.321 0.25 210 4.82 2.55
ND S1 0.020 0.05 40 0.06 0.28
Mean of
N25, N25A,
N28, N30,
N33

2.165 0.13 700 3.20 0.92

Mean of
N35, N39,
N40, N44

2.328 0.25 330 4.15 2.22
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effects involvingT, especially the one involving bothT and
R, are found to have an important influence on all respon
~again with the exception of the small effect on the depo
tion rate of the interaction involvingR!. The interaction in-
volving all three factors may be ignored for all of the r
sponses.

The phase II results indicate that pressure variations h
a large effect onn, Dn/n, RdepandDd/d, and a minor effect
on s0. Similar results were obtained in the experiments
phase I. Concerning the effect of the interaction ofp with R,
the results in phase II are also similar to those of phas
with the exception of the deposition rate, which shows
smaller response to thepR interaction effect, for the reason
discussed above.

With respect to curvature, it may be clear that in this ca
the center point runs cannot be compared directly with
mean values obtained in Table IX, because of the two diff
ent sets of center point levels which were used. The m
value of the NC runs should now be compared with the me
of runs N25~A!, N28, N30, and N33~i.e., the runs atR50.1!,
while the mean values of the ND runs should be compa
with the average of runs N35, N39, N40, and N44~runs at
R58.78 or 10.0!. These averages have been included
Table VIII. As discussed above, a significant deviation, i.
curvature, is found for the growth rate versusR behavior.

The main goal of phase II was to obtain results useful
response surface construction.6–8 The benefit of response
surface construction is twofold:~i! it is the first step in the
development of fundamental, physical–chemical models
the deposition process, and~ii ! it indicates directions for fur-
ther experimentation in order to optimize the deposition s
tem for a specific application. Figures 3–7 are in fact proj
tions in a specific plane of such response surfac
Considering the levels which we have chosen for the exp
ments of phase II, a probably better way to graphically d
play the response surfaces would be to construct contou
surface plots~see, e.g., Ref. 29! for a specific response as
function ofp andR, and to do so for two different values o
T, viz., 800 and 850 °C. Since such an exercise does
provide any new information, but is merely a more conv
nient and perhaps more illustrative way to present the d
we have not constructed such plots.

TABLE IX. Calculated effects for the implicit 23 factorial in phase II.a

Effect n Dn/n in % s0 ~MPa! Rdep ~nm/min! Dd/d ~%!

Mean 2.266 0.20 585 3.74 1.63
R 0.501 0.28 21150 0.06 1.64
p 0.072 0.17 290 0.42 1.27
T 0.125 0.11 50 0.83 1.18
pR 0.084 0.15 210 20.23 0.88
RT 0.101 0.14 2230 20.03 0.72
pT 0.013 0.04 100 20.37 0.38
pRT 0.007 0.05 260 0.09 0.23
S1

a 0.020 0.05 50 0.18 0.28
S95

a 0.032 0.08 80 0.29 0.45

aSee also footnotes to Table IV. The significance levelS1 for each response
was taken equal to the largest of the twoS1 values in Table VIII.
J. Vac. Sci. Technol. A, Vol. 14, No. 5, Sep/Oct 1996
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Summarizing the results of phases I and II, we can say
that we have found that~referring to Figs. 3–7, and taking
into account the significance levels listed in Table IX! both
an increase in pressure and temperature result in a significan
increase in the refractive index. The rate at which the index
changes as a function of the gas flow ratio becomes more
rapid with increasing temperature or pressure. Both an in-
crease in temperature and pressure result in a higher depos
tion rate. For largeR values the thickness nonuniformity
rises to unacceptably high values, especially at the highe
temperature level and high pressures. The nonuniformity in
the index is always below 0.7%. Similar to the observations
made for the nonuniformity in the thickness, the nonunifor-
mity in the index increases at highR values and when the
temperature or pressure are raised. Concerning the residu
stress in the films, we conclude that the main factor is the ga
flow ratio R, that temperature also has a significant effect,
and that pressure variations are not so important.

V. INTERPRETATION IN TERMS OF
PHYSICAL–CHEMICAL MODELS

From a fundamental point of view it would be interesting
to establish the physical~or chemical! laws which govern the
behavior of the experimental system being studied. The dat
obtained in the experiments of phases I and II should-allow
us to do so. In the following section we shall try to establish
physically plausible models for the film properties studied in
this work, using models from literature, where available.

A. Refractive index and its nonuniformity

Inspection of the literature shows that the two main pa-
rameters that determine the refractive index of SixNy films

are the Si/N ratio5,30–33 and the atomic density.33,34 Some
authors31,32,35 have also related the refractive index to the
hydrogen content of the films, but this is probably only an
indirect correlation, since the lower index which has been
found for films with a high H content may be caused by the
lower atomic density of these films.32,34,36The latter is the
reason that PECVD SixNy films deposited from SiH4–NH3
mixtures, which contain high amounts of hydrogen, system-
atically show lower refractive index values than the generally
more dense LPCVD films.27,34,35,37,38

Generally it is found that the refractive index increases
with the Si/N ratio.5,22,39According to Knolle33 this is due to
the large polarizability of Si with respect to that of N, so that
with an increasing Si/N ratio the net polarizability will in-
crease, leading to a higher value for the indexn. In order to
fit the refractive index data as a function ofR, we have
followed the following procedure: as a first approximation
we calculated the Si/N ratio for each sample. This was done
as follows: the data of Table IV indicate that the Si/N ratio is
not significantly dependent on pressure or total gas flow.
Although Table IV indicates nonzero curvature for the rela-
tion between the Si/N ratio in the film andR ~as can be
concluded from the fact that the mean of the center point
runs is not equal to the mean value of the regular runs in
Table IV!, we assume as a first approximation that the Si/N
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ratio is linearly dependent on the gas flow ratioR. Applying
linear regression analysis6 to the Si-LVV:N-KLL-ratio AES
data in Table III, we find the following relation:

Si/N5~0.7360.02!1~0.03260.007!R. ~3!

This relation suggests that the minimum attainable Si/N ra
is that of the stoichiometric composition Si3N4, so nitrogen-
rich films will not be formed. The latter is consistent wit
reported experimental data on LPCVD deposition of silic
nitride from gas mixtures with NH3/DCS ratios of up to
30.4,5,40 It is also in agreement with the results of a therm
dynamic analysis of the SiH2Cl2–NH3 system,

41 which pre-
dicts that the excess NH3 will not lead to incorporation into
the solid, but will decompose to form the gases N2 and HCl.

Subsequently we used Eq.~3! to calculate the Si/N ratio
for each of the samples in Table VI, and first tried to fit t
refractive index data with the aid of the method described
Knolle,33 which is based on the so-called ‘‘Bruggeman e
fective medium approximation.’’ To do this, we assum
that the SixNy films consist of random configurations o
amorphous Si3N4 and Si phases. Unfortunately, an acce
able fit with the above method could only be obtained fo
physically unrealisticn-value of 13.4 for the amorphous S
phase, and a~reasonable! value of 2.04 for the amorphou
Si3N4 phase. Therefore we also used the model describe
Refs. 5 and 21, in which it is assumed that the refract
index of the silicon-rich films is a ‘‘bond-density-weighte
linear combination’’ of two reference refractive indices5

viz., those of amorphous silicon~a-Si! and amorphous sto
ichiometric silicon nitride~a-Si3N4!. This model can be for-
mulated as follows:

n5
$4~Si/N!23%n`16n3/4

4~Si/N!13
~4!

with n` the refractive index ofa-Si andn3/4 that ofa-Si3N4.
The contribution of small amounts of N–H bonds, whic
may be present in some of our films, was not taken i
account here. A least-squares regression analysis of the
in Tables VI and VII with Eq.~3! gives the values shown in
Table X. It can be seen that the fitting values fora-Si3N4 are
acceptable~reported values are 1.985 and 1.953!,33 but those
for a-Si are significantly higher than the value of 3.3 used
a-Si in Ref. 22, or the value of 3.86 of crystalline Si~Zhang
et al.16 usedn`53.86 andn3/451.99 to calculate Si/N from
their measuredn values!. A close examination of the least
squares fits showed that the most likely reason for the
crepancies is that the assumption of a linear Si/N vsR rela-
tion, as formulated in Equation~3!, is not correct. The
procedure we followed next was: we used Eq.~4! to calcu-
late the ‘‘real’’ Si/N value for each sample, withn`53.9 and
n3/452.03, and subsequently fitted the obtained Si/N vsR
values with the quadratic equation

Si/N5A1BR1CR2. ~5!

Good fits were obtained, with correlation coefficients
more than 0.9. The fitting results for eachT2p combination
are shown in Table X. It can be seen that for the conditio
JVST A - Vacuum, Surfaces, and Films
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of low p and low T the relation between Si/N andR is
almost linear; the quadratic term becomes more important at
higher temperatures. Note that Table X confirms the result
found in phase I~Table IV! thatp has a small effect on Si/N.

The refractive index nonuniformity~Fig. 4! can be inter-
preted as a nonuniformity of the Si/N ratio in the film. Most
probably these Si/N fluctuations are due to the depletion of
DCS during transport from the edge to the center of the
wafer, leading to a higher Si/N ratio at the edge and thus a
higher refractive index, in agreement with the observations.
A similar depletion effect was found by Zhanget al.,16 who
observed a decrease in refractive index in the downstream
direction of the reactor tube for LPCVD of Si-rich SixNy , an
effect which was found to be more severe for higherR val-
ues. An implication of this interpretation is that the wafer
spacing during film deposition plays a role in determining
the index nonuniformity. Examination of our experimental
data shows that we find deviating nonuniformity data~see
Fig. 4! for situations in which the wafer spacing during depo-
sition was different from the majority of the experiments.
However, the results are inconsistent: a higher nonuniformity
is expected if the spacing is smaller, which is indeed the case
for experiment N32A~spacing 4.5 instead of 6.6 mm!; on the
other hand, experiment RN6 also shows an unexpectedly
high index nonuniformity, although it was performed with a
larger wafer spacing~9 mm!. It is also remarkable that in
these particular two experiments the growth rate was incon-
sistently high, while the thickness nonuniformity was consis-
tent with the general trends~see Fig. 7!. We have no expla-
nation for these peculiar results.

B. Deposition rate and thickness nonuniformity

In the literature a few theoretical models have been pre-
sented to describe the kinetics of silicon nitride deposition in
LPCVD systems.16,42–45Experimentally, these models have
only been tested thoroughly for the deposition of nearly sto-
ichiometric Si3N4.

16,43,44Peevet al.42 discuss four different
kinetic models for the deposition of silicon nitride:

~a! interaction between DCS and NH3 takes place after ad-
sorption on active surface sites of the same kind
~Langmuir–Hinshelwood mechanism!; adsorption is
described by a Langmuir isotherm~i.e., the adsorption
enthalpy on all surface sites is equal and independent
of whether or not nearby sites are occupied!;

~b! adsorption takes place according to a Freundlich iso-

TABLE X. Fitting values for refractive index vs Si/N and Si/N vsR data.

T(2)p(2) T(2)p(1) T(1)p(2) T(1)p(1)

n3/4
a 2.0360.02 2.0060.06 2.0360.06 2.0260.10

n`
a 4.260.3 5.060.6 5.160.9 6.461.1

Ab 0.727 0.706 0.732 0.727
Bb 0.032 0.032 0.031 0.029
Cb 0.000 64 0.0023 0.0038 0.0079

aFitting parameter for Eq.~4!.
bFitting parameter for Eq.~5!.
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therm ~i.e., the adsorption enthalpy of species show
logarithmic change with the partial pressure of the sp
cies!;

~c! interaction between DCS and NH3 takes place after ad
sorption on active surface sites of a different kind; a
sorption is described by a Langmuir isotherm;

~d! interaction takes place between adsorbed NH3 species
and DCS gas molecules~Rideal–Ely mechanism!; ad-
sorption of NH3 is described by a Langmuir isotherm
~similarly, the reaction may take place between a
sorbed DCS and NH3 gas!.

For each of these four models Peevet al.42 have derived
equations describing the relation between film deposit
rate and NH3 and DCS gas partial pressures. They conclu
that model B best describes their experimental results
stoichiometric Si3N4 films. The following equation describe
the deposition rate in nm/min as a function of the precur
partial pressures, according to this model B

Rdep5k
M

r
pDCS
b pNH3

c , ~6!

wherek is a reaction contant~which includes adsorption pa
rameters according to a Freundlich isotherm42!, M andr are
the molecular mass and the mass density of Si3N4, respec-
tively, pDCS and pNH3 are the partial pressures of DCS an
NH3, respectively, andb andc are empirical numbers which
according to Ref. 42, have the values 0.49 and 0.46, res
tively. The partial pressures are related to the ratioR used in
our study as follows:

pDCS5
pR

R11
, pNH35

p

R11
5p2pDCS. ~7!

We investigated whether the rate Eq.~6! fits our deposition
rate data~Fig. 6!. Figure 8 shows plots of the logarithm o
Rdep versus the logarithm of the product ofpDCS andpNH3.
Such plots should result in straight lines, if the powersb and
c in Eq. ~6! are the same, and in fact this is the case for
our results; the corresponding fitting parameters are show
Table XI. We also tried fits with different values ofb andc,
but these fits were not nearly as good as fits with equalb and
c values.

Although it is not clear what an activation energy actua
means if adsorption occurs via a Freundlich isotherm, it is
principle possible to use the offset fitting parameters in Ta
XI to calculate apparent activation energies for film depo
tion, with the aid of the following equation~which is derived
from the familiar Arrhenin

lnH kT~1 !

M

r J 2 lnH kT~2 !

M

r J 5
2Eo,act
R

H 1

T~1 !
2

1

T~2 ! J
~8!

in which Eact is the activation energy andR the gas con-
stant. The apparent activation energies which can be der
from the data in Table XI are: forp~2!:Eact566 kJ/mol, and
for p(1)Eact520 kJ/mol. It thus seems that the activatio
energy for the formation of Si-rich SixNy is lower, than that
of stoichiometric Si3N4, considering reported values of 151
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J. Vac. Sci. Technol. A, Vol. 14, No. 5, Sep/Oct 1996
a
e-

d-

d-

ion
de
for
s
or

-

d
,
ec-

f

all
n in

lly
in
ble
si-

ived

n

169.442 and 142–15144 kJ/mol21. It might therefore be that
an important factor determining the rate of the reactions in
the silicon-rich regime is the diffusion of reactants or reac-
tion products in the gas phase~which in general leads to low
activation energies!. However, more data are needed to
clarify this.

There are two serious points we want to make about th
model described above; these two aspects make us dou
whether the model is entirely correct. First, it has to be men
tioned that we completely ignored the relations that exis
between the factorM /r in Eq. ~6! and the gas phase compo-
sition. This is, of course, not correct: it is expected that the
molecular massM is directly related to the Si/N ratio-in the
film, and therefore depends onR in the gas phase. If Si/N
were known@as we have discussed above, Si/N ratios in the
film may be derived from the refractive index, see Eq.~4!
and Table X#, the molecular mass can easily be calculated
Data for the mass density of the films are less easy to est
mate ~see, e.g., Ref. 16!. We tried to obtain these data by
measuring the weight of the wafers before and after remova
of the films, estimating the area of the films by dividing the
mass of the silicon wafers without films by its mass density
and the measured wafer thickness, and subsequently calc
lating the mass density of the films by dividing the measured
film mass by this area and the measured thickness of th
film. However, because of the rather low thickness of mos
of the films ~around 100 nm, see Table VI! no accurate val-
ues for the mass density could be obtained.

A second point is the fact that for theT~1! experiments
the maximum in the deposition rate occurs forR51 ~see Fig.
6!, which suggests that the rate Eq.~6! for these cases has a
form in which indeedb5c; this can easily be checked by
calculating theR value at which the maximum forRdep in
Eq. ~6! should occur, which is:R5b/c. On the other hand,

FIG. 8. Double-logarithmic plots of the deposition rate vs gas partial pres
sures~see the text!.
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theT~2! experiments, in which the maximum seems to o
cur forR53, suggest that for these casesb is not equal toc,
but rather thatb53c, which is not consistent with the trend
in Fig. 8. Inspection of Fig. 6 shows that the position of t
maximum atR53 is, however, only determined by one e
perimental point in each of the two curves forT~2!, viz,
experiments N47 and N48~see Table VII!. If we leave out
these two points, the maximum could well be located
R51. It might be that these two experimental points, o
tained in a different reactor than most of the other poin
have been subject to some unknown experimental error~pos-
sibly a higher wafer spacing during deposition!, and there-
fore do not fit into the general trends in Fig. 6~although they
fit in reasonably well in the trends in Figs. 3, 4, 5, and 7!.

Thickness nonuniformity is generally explained by ma
transport effects, leading to a higher deposition rate at
edge than in the center of a wafer, either because of a de
tion of reactive species during transport from the edge of
wafer to the center, or because of the larger supply volum
reactive species at the edge of the wafer with respect to
center ~a lower surface-to-volume ratio at the edge of t
wafer!. This explanation probably also holds for our expe
ments. It is observed that the mass transport effect is hig
for higherR values, which is probably caused by a smal
diffusion length for the reactive silicon species~probably
SiCl2!;

50 the concentration of this species will show a stro
depletion from the edge to the center of the wafer, which
only gives a reduction in growth rate, but also a decreas
Si/N ratio in the film, and therefore a lower refractive inde
at the center~see also above!. The fact that the deposition
rate nonuniformity increases at higher pressures and
higher temperatures confirms the above: a higher pres
will decrease the diffusion length of the species, while
higher temperature leads to a higher concentration of reac
species, and therefore to an increased reaction probabilit
the species during its diffusion.

Our experiments were for the largest part performed o
in. wafers, with a few experiments on 3 in. silicon wafer
The question arises whether the results obtained here are
applicable to wafer sizes of 4 and 6 in. wafers, which a
more common in a production environment. Comparison
our data for 2 and 3 in. wafers indicates that the results
these two sizes fit in the general trends, except for the u
formity data~Figs. 4 and 6!. Generally the nonuniformity is
higher for the larger wafer size, although one should a
take into account the effect of wafer spacing. In our vie
these results can be extrapolated to still larger wafer si
with the same general trends. We expect that for these la
wafer sizes the nonuniformities, observed for largerR val-
ues, can be reduced by optimization of the wafer spacing~or
the wafer boat configuration!.

C. Residual stress

Our results show~see Fig. 5! that the parameters which
control the residual stress in Si-rich SixNy layers are, in de-
creasing order of importance,R, T, andp. These results are
in very good quantitative agreement with those of Sekim
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et al.,2 who have investigated the influence ofR andT on
residual stress and refractive index of the films, and also
agree well with those of Refs. 46 and 47.

As to the origin of the residual stress, it is clear that the
stress is not caused by a different thermal expansion betwee
film and substrate, because this would lead to a tensile stre
of only 10–15 MPa48,49for a deposition temperature of 800–
850 °C. The stress is therefore of intrinsic origin. A plausible
explanation for the intrinsic stress in silicon nitride films was
offered by Noskovet al.,35 who argue that the large tensile
stress in stoichiometric Si3N4 results from the shrinkage of
the bulk of the film during and after growth, caused by dis-
sociation of Si–H and N–H bonds and rearrangement of th
dangling bonds to stable Si–N bonds. Evidence for their
model is found in the fact that the tensile stress in their films
increases as a result of annealing, and probably also in th
fact that the residual stress after annealing depends on th
thickness of the film.

Considering the fact that we have found that the amoun
of hydrogen in Si-rich films deposited at a gas flow ratioR of
3.9 is below the IR measurement limit, combined with the
considerable decrease in stress in these films with respect
stoichiometric films, the model of Noskovet al. seems to
give a good qualitative explanation for the observed depen
dence of the residual stress onR.

VI. SUMMARY AND PERSPECTIVES FOR
MICROMECHANICAL APPLICATIONS

In this article we have presented a systematic investiga
tion of the influence of process parameters on the mechanic
and optical properties of LPCVD SixNy films, with the aid of
a full factorial experimental design. The most relevant pa-
rameters determining the properties of the films, as well a
the deposition rate and nonuniformities of properties across
wafer, were found to be, in decreasing order of importance
the gas flow ratio of Si and N containing species, the tem
perature, and the pressure during the deposition process. T
relations between properties and deposition parameters we
fitted with plausible physical–chemical models.

The established relations would allow us to optimize the
LPCVD process for certain applications. This would require
a final set of experiments; the specific application intended
will determine the direction of experimentation. For instance,
in the field of micromachining and micromechanical sensors
and actuators, the major interest lies in locating a set of pa
rameters leading to an as low as possible film stress. The da
of Fig. 5 indicate that this would require high gas ratiosR.
For such conditions, however, the nonuniformity in depos-
ited film thickness is fairly large, which would mean that in
the specific application field of micromachined mechanica
sensors like resonator sensors1,11 an unacceptable nonunifor-
mity in sensor sensitivity across a wafer would result. Fur-
thermore, the fabrication of the free-standing beams, mem
branes, and cantilevers included in such devices require
long periods of exposure of the silicon nitride films to, e.g.,
aqueous KOH solutions; the etch rate of the films in such
solutions is low, however it depends on the Si/N ratio in the
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films.11,14Finally, because of the nonuniformity in thicknes
as well as in composition of the film~as evidenced by the
refractive index nonuniformity! we also expect a nonunifor-
mity in the residual stress across the wafer surface, wh
would lead to mechanical structures with unequal properti
Thus, optimization of the films for this particular applicatio
is complicated, and can probably only be tackled succe
fully in a not too long period of time with experimenta
designs. Our results indicate, e.g., that for micromechani
structures as described above conditions exist for which lo
stress films can be deposited, without unacceptable increa
in nonuniformity. These films have been used already in n
merous micromechanical devices, like condens
microphones,19,51 membranes with corrugations for stres
relief,52,53 flow sensors,1,11,54and resonant strain gauges.1,11
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