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Abstract

-~ ) Mechanical design of microfabricated devices requires knowledge of mechanical material

properties. Thin film material properties are sensitively prodess dependent, and should

therefore be organized accordingly. A relational database of| material properties is under

development as part of a general micro-¢electro-mechanical environment. A

computerized literature search through the published values {or Silicon Nitride (SigNg)
properties under various processing conditions resulted in the following document.
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Introauction

There is a growing need for the ability to perform mechanical analysis of
microelecironic devices, both in assuring structural reliability against failure of thin film
layers, and in evaluating the effects of various external loads including temperature and
humidity effects. In addition, with the development of increasingly sophisticated
micromechanical devices, including microsensors, pumps, valves, and micromotors, and
with the increasing performance demands being piaced on these devices, notably in the
precision and accuracy of microsensors, there is a critical need for computer-aided-design
(CAD) tools which will permit rational design of these devices. The present program is
directed towards creation of a suitable CAD environment for micromechanical analysis of
microfabricated deformable structures utilized for measuring the mechanical properties of

thin tilms, and static analysis of which can be utilized for reliability investigations.

There are two fundamental problems that confront the designer [*,**]: (1) the need to
construct a three- dimensional solid mode! from a description of the mask set and process
sequence to be used in fabrication of a micromechanical device; and (2) the need to be able
to predict the mechanical properties of each of the constituent materials in a device,
including possible process dependences of these properties. With such a 3-D model in
hand, with appropriate properties for each material, prediction of mechanical behavior
could be done with existing finite-element modeling (FEM) programs. However, at the
present time, there is no CAD system, either mechanical or microelectronic, which
successfully addresses these problems in a coherent way. Koppelman [+*+] has developed
a program called OYSTER which permits construction of a 3-D polyhedral-based solid
raodel from a mask set and primitive process description, but as yet, there is no provision
for linking to FEM tcols or to standardly used layout and process modeling tools, and no

database for prediction of mechanical properties from the process sequence.




An architecture for a micro-electro-mechanical CAD system in which these two
critical problem areas can be the focus of simultaneous and parallel development work is
presented in Fig. 1. The basic idea is to provide three different levels of user interaction:
(1) at the conventional microelectronic level, with access to mask layout and process
specification; (2) at the mechanical CAD level, for direct construction of 3-D solid models
which can then be analyzed with FEM; and (3) at the mechanicai-property database level,
for entry of mechanical property data as it is acquired and documented. There are then two
specific development tasks: (1) development of a 3-D solid modeling too!, which we call
the "structure simulator”, and which takes rnask layout data and a realistic process
description and builds a 3-D solid model in a format cornpatible with the mechanical CAD
system (an extension of wnat OYSTER now does); and (2) the development of a
mechanical property database using iterative measurements on deformable
micromechanical structures (such as diaphragms, beams, and resonant structures) together

with careful FEM studies of the dependence of their behavior on mechanical properties.

We have implemented this architecture in a Sun 4 host, drawing on existing codes
wherever possible. The primary interface for mechanical modeling is through PATRAN,
a mechanical CAD package which provides for manual construction of 3-D solid models,
graphical display, and interfacing with FEM packages (we are using ABAQUS). The 3-D
solid model resides in the PATRAN Neutral File, and we have elected to use the material-
property format of the Neutral File as a first version of the Mechanical Property Database.
Layout is provided through KIC, and process description through the process-flow
representation (PFR) is created with a standard text editor. SUPREM I and SAMPLE
are installed to provide depth and cross-scctional modeling capabilities. The structure

siraulator (under development) will accept KIC and PFR files as input, draw on SUPREM




III and SAMPLE as needed, and will output a 3-D solid model in the format of the
PATRAN Neutral File. PATRAN will then be able to pick up the model, provide for
FEM analysis and graphical display of behavior. The present status is that all of the
commercially available codes (solid boxes in Fig. 1) are installed and operating. The first
entries into the Mechanical Property Database have been made for silicon dioxide and

silicon nitride as a result of the literature review enclosed.

This document is the result of a computerized literature search (done at MIT CLSS) to
locate published mechanical property dara for silicon nitride, Si3Ng4. Investigating some
100+ references, a group of 36 was selected and the mechanical properties of Si3Ng4 were
extracted under different chemical vapor depositions (CVD) and sputter depositions. The
cited values are arranged by different mecnanical property headings, and then by the
deposition method as subheadings. The boldface values indicate results of experimental
measurements (from references), and the italic values correspond to when a reference cites
results from other references without measurements, or when no reference experiment was
indicated to support the cited values. Most values were traced to their original
measurement (experiment) when possible. Averages of ti*e cited properties have been

implemented in our mechanical properties database.
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CAD architecture for micro-eleciro-mechanical design
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Density

. P.E.C.V.D.
Gas Flow - Density Relationships
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Fig. 1: Gas flow vs. film density.

Condilions: Gases: Ar, NH, and SiH,;

SiH, concentration = 1.7 %; SiH‘/NH3 = 0.71;
T=275T,P =127 Pa; RF. Power = 250 W
Taken from Sinha [31]



P.EC.YV.D.

Dcasity

Gas Ravos and Composition - Density Relationships
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Fig. 2: Density vs. SiHy/MNH; and SiH, concentratic:.

Candigans: Gases: Ar, NH,y and SiH,:
$iH, concentration = 1.7 %, SiH,MH, = 071;

T=2ISC, P=127Ps. RF. Powey = 250 W
Taken from Sunha [31)
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Fig. 4: Effect of NH/Sil, upon density.

Cooditians: Geses: N, WH, snd SiH,:
Foy * W aoem RF power = 1 kW, P a 33 Pa
A T=25C
BT i00C
C T e WO
O T = 380 ¢
Tolien froen Tossier (31]
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Fig. 3: Effec .« NHy/S1H4 upon density,

Conditions:
Al &y, = 90 scom: Gy = 30 scem;
RV powerw | YW, P = 33 Ps; Tw 200 C

B: Oy = 50 scom; RF. power « 1 kW,
Pad3PuT=200C

C. 0,4, = 90 sorm; §y5q = 50 socm;
RF. power « | £W; P = 33 Po, T 200

Taken from Tessier {12)
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P.E.C.¥V.D.

Density

R I Freauency - Density Relationships
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Fig. 6: Relationship between R.F. frequency

and density.

P =130 Pa; T=3X C; RF. power = 50 W,
05;Ha=100 scem; =700 scem; dpyy3=700 scoxin.
Taken from Claassen [5].




P.E.C.V.D.
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Density

R.F. Power - Diensity Relationships
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Fig. 7: Effect of R.F. power upon density.
Reacting gases SiH4, NH; and Ar, T=275C,
SiH4 conc. = 1.78 %; SiH4/NH; = 0.79

Gas flow = 2320 sccm; R.F. Power = 300 W,
¢=127Pa

Taken from Sinha {31].




Density

P.E.C.V.D. .
Pressure - Density Relationships
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Fig. & Efect of increased pressure upon density.
Croditigos: Gases: My, NH, and SUH,: )y = 300 scorn; . Fig 9: Relation between gas pressues and density.

Oy = 100 seam; Sy, = 100 scom; R.F. frequency = 310 kHy;
R.F. power = 50 W; T =300 C
Taker from Claussen [5)

Londitigns: Gases: Ar, NH, aad SiH;

SiH, concentration = 1.78 %: SiH‘/NH:, = .71,

© =2320 scem; T = 275 C: R.F. Power » 250 W
faken from Sinha [31)
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Fig. 10: Reladon edween pressuse and density.

Conditions: Gases: N, NH, wnd SiH,

Oprysaey » 1400 scom @g., = 100 scom;

RF. frequency = 310 kHz;R F. power » 30 W,
P=6iPe; T3

Taken frem Classeen |5)




Density

P.E.CV.D.

Temperature - Density Relationships
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Fig. 11: Density as a function of temperature.

Condilions: Gases: Ny, NH, and 5iH,;; 6y, = 200 scem;
Opyy = 1200 scom: &g, = 100 scom;

R.F. frequency = 310 kHz; RF. pewer = 50 V/;

P = 130 Pa

Taken from Claassen [5]
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Fig. 12: Effect of substrate temperature upon density.

Conditions: Geses: Ar, NH, and St

SiH, concenration = 1.7 %; Sib/NH, = 0.7);
P a 127 Py RF. Power = 230 W

Taken from Sinha {31)
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Density

PE.C.V.D.
Density Values

2.55 (g/em3) [19)

Conditens Piasma Technology Mode) 80 Reactor.
Taken from Kember [19]

3.02 - 3.21 (g/em3) 8]

Conditions: Guses: Hy, NH, and §SiH,; &, = 4 liters/min;
SiH/NH, = 11020 -40,T=750- 1100 C
Taken from Doo (8]

2.7 +/- 0.10 (g/cm3) [7]

Conditigns: Gases: Ny, Nty and SiH, (2%); ¢,y = 1375 cm¥/min;
Sy = 6 em?/min; Ogipq = 35 cm®/min; R.F. Power = 400 W;

R.F. Frequency = SO kHz; P= 333 Pe; T= 325C
Taken from Dharmedhikan [7)

2.5 +/- 0.10 (gicm3) (7

Conditions: Gases: N,, NHy and SiH, (100%); ¢y, = 1000 cm¥/min;
Ony ™ 400 cm3/min; ;4 = 150 em¥/min; R.F. Power = 400 W;
R.F. Frequency = 50 kHz; P = 26.7 Pe; T = 325 C

Taken from Dharmadhikan [7]




Density

Various Depositions
Density Values

Table 1: Typical density values for vanous depositions as reported by Morosanu in his review of the
Literature. [26]

Proparation method Duniry
igem

CVDSiH, - NI 2Ts

CVILSCl - N 2

CVD. S, - N:H, R

CvD.SIR.Clo - NH, Vi

RFGD. SiH, - NH,
RFGD.SiH = .
LPCVD. SIH, - NH,
LPOVD. SIHLChl = N1

Direct r [ sputterning R
Reactive rf sputtering 26 3
CVD. $i1,0 N, 21N




Density
Sputtering
2.8 - 3.0 (g/em3) [26].

Conditiens: The deposition conditions are not elaboraied upon.
Taken from Morosann {26]

Bulk Material

3.2 (g/em3)y [23).




Elastic Stiffness

C.V.D. e
Thermai Expansion Ceefficient - Ejastic Modulus Relationships
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Fig. 1: Elastic stiffness as a tunction of hiermal expansion coefficient
for quartz and silicon substrates. 0

Conditions: Nitrox Reactor at 800 C.
Taken from Retaajezyk [29]
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Elastic Stiffness (Biaxial Modulus)

C.V.D.
Flastic Stiffness Values

3.7 x 1012 (dyn/cm?) {29].

Condinons: Nigox Reactor; T = 800 C, thickness = 2000 angstroms {29]

APC.YV.D.
Elastic Stiffness Values

1.5 x 1032 (dyn/em?) {27).

Conditions: Gases: SiHg, NH3 and An SiHy/NHy = 0.2
Net gas flow is constant; P = 133 Pag;
T = 700 - 800 C [27)

P.E.C.Y.D.
Elastic Stiffness Values

3 x 1012 (dyw/cm?) [14].

Landivons: Gases: SiHy. NHy and N9; 1% SiHg4 in Ny,
NH3/8iHg > 10; T = 700 -1000 C [14]

11




Fracture
P V.
Annealing - Fracture Relationships

oo [8] found that cracks occur in films thicker than one micron that have been
anncaled.

Conditigns: Gases: Hy, NH; and SiH,; ¢, = 4 liters/min;
St /NHy =120 20-40; T = 750 - 1100,

Anrealed for 15 minutes at 1200 C
Taken from Doo {8]

Isornae [16] found the following relationship for the force required to initiate
fracture in anncaled films:

F; = 10.5 exp(Q/kT)

T = annealing termperature; 600 < T < 1200 C
Q=025eV

Conditions: Gases:N,, NH, and SiH,:
S1H/NH, = 0.007, T = 950,
Taken from Isomae [16]




Fracture
P.E.C.V.D.
Crack Resistance

Kember {19] observed a crack resistance of less tha 500 C in nigide thin films.

Conditions: Plasma Technology Model PD8U Reactor
Taken from Kember [16]

13




Fracture
P.E.C.V.D.

Density - Fracture Relationships
Sinha [31) observed brittle behavior in films with low densities.

Conditions: Gases: Ar, NH, and 8iH,;SiH, conc. = 1.7%;
SiH/NHy = 0.71; ¢ = 2320 scem; P = 127 P& T =275 C
Taken from Sinha [31)

1




Fracture
P.E.C.V.D.
Thickness - Fracture Relationships
Tamura {32] observed cracking in films with thicknesses over one half micron.

Corditions: Geses: Ny, NH, 2nd SiH,; ¢y = 1000 cc/min;
T =940 C;
Taken from Tamurs [32]
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Poisson's Ratio

Sputtering
Poisson's Ratio Values

Conditians: Gases: Ha, Nq and Ar, SUN = 075 -1,
Power density = 3.20 Wim? [25)

Buik Material
Poisson's Ratio Values

0.27 - 0.28 [23].
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Refractive Index

L.P.C.V.D,
Gas Flow - Refractive Index Relationships

b4 ! ! ' !
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Fig. 1: The efiect of increased 8ili, flow rate upen retractive index, (LP.C.V.D.)

Couditinns: Gases: §iH; and Noj Oyy = 15 seem;
~RF. power = 150 W, P = il Pa
“Taken from Hirso {13}
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Refractive Index

L.P.C.V.D.
Residual Stress - Refractive Index Relationships
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Fig. 2: Relation between residual stress(tensile) and Refractive Index. ‘ 0

Conditions: Gases: NH, and SiH,Cl,; P = 66.75 Pa;

T = 750, and 830 C
Tasken from Sskimoto (30§
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Refractive Index

L.P.C.V.D.
R.F. Power - Refractive Index Relationships

s 8.3x10 " Torr
3 21r ‘ N; 15 scem
,S'_ j Siry: 6 scem
o 201 e

= e O e e O
= I.§F

‘-t:-) 1 L. 1. { £

44 3 100 200 300 40O 500

Microwave Power (W)

Fig. 3: Effect of R.F. power on Refractive index,

Conditions: Gases: 3iHy and Ny; dyy = 15 scom;
OgiHg = 6 scom; P = 0.12 Pa
Taken from Kuao [13]
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Refractive Index

L.P.C.V.D.
Pressure - Refractive Index Relationships

Hefractive Index

’t‘.,.‘.._..m_ — i L i A
0.013 0.13 1.3
Coas Pressure (Pa)

Fig «. Effect of gas pressure upon Refractive index.

{ondiavas Gases: SiHy and Nayion, = 13 scomy
Ggina = 5 seem; RF power = 150 W
Taken from Hirao [13]
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Refractive Index
L.P.C.V.D.
Refraciive Index Values

1.99 +/- 0.02 [28].

Conditions: Gases: NHaand SiHyCly: bgincy = 15 scem;
T=770C [28]




Refractive Index
A.P.C.V.D.
Refractive Index Values

1.95 - 1.96 [27].

Conditicns: Gases: Ar, NHyand SiHy; SiHg/NHy = 0.2
Net gas flow is constang, P = 133 Pa; T = 650 - 850 C (28]

1.98 - 1.99 {27].

Conditions’ Gases: Ar, NHyand SiHg; SiHy/NH; = 0.2;
Net gas flow is constant; P = 133 Pa; T = 650 - 850 C;
Annealed at 1000 C [28]




Refractive Index

@ P.E.C.V.D.

Annealing - Refractive Index Relationships

REFRACTIVE INDEX
NSRS
-~
rd
o4

CSTE 78 901213 %S
NM3/ SiH;, FLOW RATIO

Fig. 5: The effect of annealing upon refractive index.

Condjtions: Gases: NHq and SiHy4; R.F. frequency = 400 kHz;

R.F. power = 26 - 100 W, P =267 Pa; T = 200, 380 C
Taken from Ishii {15}
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Refractive Index

Fig. 6: The effect of SiH, flow on refractive index.

Conditions: Gases: NZ.
R.F. power = 300 - 500 W; P = 267 - 668 Ps; T = 260 - 400

Taken from Chang [3).

P.E.C.V.D,
Gas Flow - Refractive Index Relationships 0
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Fig. 7: Dependance of refractive index upon NH4/SiH flow satio
NH, and SiH4: R.F. frequency = 13.56 MHz, ..

janc oirlg *q y Conditions: Gases: NHj3 snd SiHy; RF. frequency = 400 kHz;
RF. power =« 26 - 100W; P 267Ps: T = 200, 380 C
Taken from Ishii [15)
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Fig. 8 Refracuve index as a function of aitrogen flow. ﬁ“

Cooditons: Clases: Mz NHjy and SiMy; €NH =~ A0 roemn;
95,14 v 0 svem! RF. power « 100W; P m 267 Pa: T 300
Taken from Khang {20
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Refractive Index

0 P.E.C.V.D.

Gas Flow - Refractive Index Relationships
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Fig. 9: Refractive Index vs. N0 flow. Fig. 10: Refractive index as a function of SiH4 flow rate.

Conditions: Nj. N2O snd NH3: 6514 (in N2) = 2950 cm3/min; Conditions: Gases: N, and SiHy; 0y, = 30 secm;
R.F. frequency = 380 kHz, R.F. power = 700 W, P = 48 Pa R.F. frequercy = 13.56 MHz: R.F. power = (.64 Wiem?:
Taken from Knolle {21] P=533Pa;T=270C

Taken from Zhou [36)
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Figure 11 Refractive index as a function of gas ranio,

Gondingns: Guses: Ny, NHy and SiH,. RF. Frequer -y = 1338 MHz,

. RF power = 100 W, P = 207 Pa, T = 300 C
Taken from Khslig [20]




Refractive Index

P.E.C.V.D,
Gas Flow - Refractive Index Relationships

Table 1: Refractive ingex as a function of NoO flow and Temperature.

N,O flow (cm3/min) Temp. (C) Refracuve index
0 200 2.01
10 200 1.94
30 200 1.85
80 200 .77
S0 200 1.70
0 250 2.06
10 250 1.98
30 250 1.85
60 250 1.75
90 250 1.68
0 300 2.15
10 300 2.0
30 300 1.89 0
60 300 1.78
0 350 2.27
10 350 1.97
20 350 1.81

Conditions Ny. N2O and NHy: 05iH4 (in N2) = 2950 cm’ /min;
R.F. frequency = 380 kMz: RF. power = 700 W; P=48 Ps
Taken from Knolie {21]
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Refractive Index

o P.E.C.V.D.
Gas Ratio - Refractive Index Relationships

. ! 1-T=200C
: . 2-T=250C
i ! 3-T=300C

4-T=350C

Figure 12: Refractive index as a function of Si-N/N-i rauo.

Conditions Ny. N2O and NH3: 0giis (in N2) = 2950 cmd/min;

R.F. frequercy = 380 kHz: R.F power = 700 W, P = 48 P'a
Taken from Knolle [21]
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“ig. 14: Refractive index vs. SitCly/NH 3 raue.
Condlipns. Gases: NHy mad SiH, Ol P o= €675 Pa
Tow THD, 800 and 830 C

Taken from Sekimotn (30]
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Fig. 13: Refractive index vs. Si-H coment.

Conditions: Ny, NoO and NH1: 6514 (in N2) = 2950 cm3/min:
R.F. frequency = 380 kHz; R.F. power = 700 W; P = 48 Pa
Taken from Knolle {21]
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Fig. 15 Effectof gas composinon on Refractive mdex.

Condinena: Hy, Ny end SiHy: 8514 (in N2) = D990 an’ fmin;

RF. froquency = 13.56 MHZ;R.F. power density » 0.8 Wam?,
Paddd 933P Tel3dNC

Teken from Waianabe [35})




Refractive Index

P.E.C.V.D. G
Gas Ratioc - Refractive Index Relationships
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Fig. 16 Refractive index as a funcuon of Si-N/N-H bond ratio

Conditieng: Plasma Technology Model PD80 Reactor
Taken from Kembxr [19]
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Refractive Index

P.E.C.V.D.
R.F. Power - Refractive Index Relationships

o] N

REFRACTIVE INDEX
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L 1 .
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RF POWER (W)

Fig. 17: Effect of R.F. power on Refracuve index.

Conditions: Gases: NHy snd Siky RF. frequency = 400 kHuz;

R.F. power = 26 - YOO W, P = 267 Pa; T = 200, 380 C
Taken from Ishy {15}




Refractive Index

P.E.C.V.D.
Position - Refractive Index Relationships
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Fig. 18: Refractive index as a function of pasition
across 2 5 cm wafer,

Conditions. Gases: NHa and SiHy; RF. frequency = 400 kHz;

RF. power = 25 - 100 W, P = 267 Pa;, 7 = 200, 380 C
Taken from Ishy [15)




Refractive Index

@ P.E.C.V.D.
Pressure - Refractive Index Relationships
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Fig. 19 Effeqt of gas pressure upon Refracuve index. F.s «0: Relationship betwesrn gas pressure and Refraciive index,

Conditiony: Ho. Ny and SiHA 0544 in N2 ™ 2950 em3/min; Conditions: Gases: N, and SiH,; &y, = 30 scem;

R.F. frequency = 13.56 MHz.R.F. power density = 0.8 W/em=; Jsine = 30 scem; R.F. frequency = 13.56 Mz,
60 C .
, RF. power = 0.64 Wiem*, T=270C
s W 8 '
“ from Watanabe [33) Taken from Zhow {36)
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Fig 21: Relationship between NHy gas (regsu and Refractive miex

“ Canditions: Orses: N, NH, et SiHg R.F. Freguency » 310 KHg;
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Teaen from Clanssen 18)
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Temperature - Refractive Index Relationships

REFRACTIVE INDEX

Fig. z3. Refracuve index as a function of depostion wmperiiure,

Conditions: NZ' Nz(" i :\"N'}!; Qo4 Gn MY = 2950 om
R¥. frequency « 38D Kz, RF po ver =« T0O W, P » 48 Ps
Takesi from Knolle (21}
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Fig. 22: Relationship between terrperamire and Refractive index.

Conditions: Gases: Ny NH, and 5:H,; NHy/SiH = 1000

Taken from Hezel {121
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Refractive Index

O P.E.C.V.D.

Refractive Index Values

Table 2: Refracuve index as a funcuion of deposition characteristics. {18]

Gan Flow (seem) n
Svstem fLb P.o(MWem 5 Ti°C Pt SiH, NH, GpiA min)
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Refractive Index

P.E.C.V.D.

Refractive Index Values
2.0 - 206 (8],
Conditigne: Gases: Hy, Niiy and SiHy; 8y, = 4 liters/min;

SiH/MNH, =1 w 20 - 40; T = 750 - 110
Taken from Doo {&)

2.08 [19].

Congitions: Plasma Technologizs Model PL80 Reector
Taken {rom Kember [19)

1.98 +/- £.028 (7).

Condiions: Gases: Ny, NH, and SiH, (2%); ¢y, = 1372 cen/min;
Bugpy = 6 em¥fmin: Ogipy = 35 em’/min:R.F. power = 406 W,

R.F. frequency = S0 kHz; P =267 Pa; T=325C
Taken from Dharmadhikan {7]

2.03 +/- ©0.030 [7].

Condiigns: Gases: Ny, NH, and 5iH, (100%); ¢y, = 1080 em?/min;
Oy = 460 cm’/min; Ggpe = 150 em3jminR.F. power = 400 W,

R.F. frequency = S0 kMz, P = 267 Pa; T = 325 C
‘Taken from Dhermadhikari {7]




Various Depositions

Table 3: Typical refractive index values as reported by Morosanu in a review of other

literature. {26]

Refractive Index

Refractive Index Values

Preparution method

Refractive
ndex

CVDLSIH, = NH,
CVD.SiICl,+ NH,

CVvD . SiH, + NH,
CVD SiH,Cl, « NH,
RFGD. SiH, + NH,
RFGD.SiH + N,
LPCVD. SiH, ~ NH,
LPCVD, SiH,Cl, ~ NH,
Direct1.{ sputiering
Reacuve rf sputiering
CYD. &, ON,

20
1.9
19-
228
1 98- 20K
2.00
19 208
2-21
1.44-203

[N




Residual Stress

L.P.C.V.D. )
Gas Ratio - Residual Stress Relationships Q

80 -
60 X

il \\% -
20 aso/f'c \“&f

-ZojllLllll
1 2 3 & 5 6 7 8

SiH2Cl2 /NH3 Ratio

Tensile Stress (x108 dyn/cm?)

Fig. 1. Residual stress vs. SiH,Cly/NHj ratio.

N Condisions: Gases: NH, and SiH,Cl,; P = 66.75 ¥'a;
T = 750, 800 and 850 C
Taken from Sekimoto {30]

Siress [ » 10'0 dynesscm
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Fig. 2: Residual stress vs NH,/SiH,Cl, ratio,

Candiliang: Guees: NHy and SiR,CHp: 9552012 » )5 soam
Taken froen Pan [28)
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Residual Stress

0 L.P.C.V.D.

Residual! Stress Values

Table 1: Residual stress and change in residual stress as a function of deposition conditions. (]

Atomic Daye Av o Ar X 1077
Fraction T t after R > o ol-dayv
NOSiHy ny/(no=ny' =i {em = 10~ CA prep. m cm? chanzac
104 0 0 3 170 (7 an 1 310 -37 7
a3 178 ~ 104
(= 14.3 -127 —nu
30 0007 0.34 6.27 3040 ! Tkl —~ 331
+ 0.30 —43 1
25 4.8 =370
40 4.21 —63.1
G4 383 =710 - 37
20 0120 0 34 027 Gt i NINY 16 O
! 256 oo
49~ 4.0
N 40, 4
17 66.v RIE
30 0.3 3.2
48 174 1.3
) 174 1.3 —Y.0
15 0.17 0.34 3.4 3730 4 2.4 50
11 3.67 33
33 5.10 24
[ 8.46 14 - 36
3 0.33 Q.34 7.80 3400 ) 3.4 128
33 5.8 117
03 5.18 132 4?
1 0.4% 6.38 7.8 2875 4 6.63 122
33 0.43 126
6.1 6.40 127 5
— 1 0.43 8.38 2200 1 1.34 880
60 1.3 880 nil

s Pyrolytic SisN, from SiHe+NHe

Conditions: Guses: Ny, NH, and SiH,; T « 850 C
Taken from Drum [9]




Residual Stress

C.V.D.
Annealing - Residual Stress Relationships
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Fig. 3: Residual stress vs. anuiealing lemperature.
Conditions: Gases: N,, NH; and SiH,;

T=940C
Taken from Tamurs [32]
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Residual Stress
C.V.D.

Gas Flow - Residual Stress Relationships
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Fig. 4: Effeci of NHj flow upon residua!l stress.
Congitions: Gases: Ny, NH, and SiH;

T=640C
Taken from Yar yura [32]




Residual Stress

Temperature - Residual Stress Relationships
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Fig. S: Residual siress vs. temperature at measurement for increasing (up)
and decreasing (down) temperatures.

Cenditions: Gases: No, NH, and Sild,: ®NH, = 1000 cc/min;
T = 940 ; (100) Si wafer
Taken from Tamura {32}

.;; G

Z
Qg E /w ........ -
= { A/’S’o
A el o UP ]
w o DOWN J
X i.0
[,
)

0 200 400 600 800 _ 1000
TEMPERATURE (°C)

Fig. 6: Residusl stress vs. iemperature at measu-ement {os increasing (up)
and decreasing (down) Inpesaturcs

Conditions: Guses: N, NH, and §iH,; ¢NHy = 1000 cofmin;
T w340 C; (131) St waler
Taken frum Tamure [32)




Residual Stress

@ C.V.D.
Temperatre - Residual Stress Relationships
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Fig. 7: Residual stress vs. deposilion iemperature.

Conditions: Gases: Ny, NH, and SiH,; éNHy = 1000 cc/min;
Taken from Tamura [32]




Residual Stress

A.P.C.V.D. 0

Annealing - Residual Stress Relationships

I

8 I L

0 L0 80 120 160
ANNEALING TIME {min)

Tensile Stress (x1010 dyn/cm?)

Fig. 8: The effect of anncaling upon residual stress.

Coaditions: Gases: Ar, NH3 and Sit4:5iH/NH, = 0.2
Net gas flow ic consiant; P = 133 Ps
Taken from Noskov [27]




Residual Stress

A.P.C.Y.D.
Film Depth - Residual Stress Relationships
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Fig. 9: Residual stress as a funcuon of depth in film.

Conditions: Gases: Ar, NHy end SiH4:SiH /NH, = 0.2
Net gas flow is constant; P = 133 Pa
Taken from Noskov [27]
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Residual Stress

AP.CV.D.
Film Thickness - Residual Stress Relationships
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Fig. 10: Residual stress as a functivn of film thickness.

Canditiens: Gs.es: Ar, NH3 and SiH 4 8iH/NHy =62
Net gas flow is constant; P = 133 Pa
Taken from Moskov 27}
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Residual Stress

A.P.C.V.D.
Residual Stress Values

(Li -L.2) x 1010 (dynfem?) [27].

Conditions: Gases. Ar, NH, anc SiHg SiH NH, = 0.2
Net gas flow is cousant; P =133 Fa
Taken from Noskev [27]



Res:.dual Stress

PE.C.V.D.
Annealing - Residual Stress Relationships
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Fig. 17: Pesidual stess vs. annealing temperaturs.

Condidons: Gases: Ny, Nidy snd SiH,.; dygq = 1200 room:
Pgina = 100 soem; 6y = 200 seem; RF. freguency = 310 kM2
P = 130 Py

Taken from Claassen {3)




Residual Stress

PECV.D.
Filin Thickness - Residual Stress Relationships
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Fig. 12: Residua® stress (iensile) as a funcron of film thickness.

Carsitions Cases: N, NH, and SiH,: 1% SiH, in Ny;
NH/Sit, > 10:T - 800 - 10060 ©
Taken from Yrone [14)




Residual Stress
FLE.C.V.UD.

Gas Flow - Residual Stress Relationships
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Fig. 13, Residual swess vs. $iHy flow and SiHg/NH3 rAlo. Fig. 14: Effect of SiHy flow upon residual stress.

Condilions: Gases: Ny , NHy and SiHg, R.F. frequency = 13.56 nHz;
R.F. power = 300 -500 W, ¢ = 267 - 668 Fu, 1 = 260 - 400 c
Taken from Cheng 3]

Conditions. Gases: Ar, NH, and 5iH,. Sikl, conc. = 1.7%;
¢ = 2220 scom; R nower = 250 W,

P12 Pa, T 2¥50C

Taken from Sinha {31)
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Residual Stress

P.E.C.V.D.
Gas ¥low - Residual ! ress Relationships

Table 2 : Refractive index as a function of N»O flow and Temperature.

N,0O flow (cm3/min) Temp. (C)  Compressive residual stress (10% dyne/cm?)
0 200 3.6
10 200 3.7
30 200 3.0
60 200 2.0
%0 200 1.2
O 250 K]
10 250 2.3
it} 250 1.6
60 250 0.9
%0 250 1.0
0 300 31
10 300 2.3
0 300 1.2
60 300 0.7
0 350 2.1
1 350 0.5
20 350 0.3

Congditions: Na. N3O and NHy: 0giH4 (in 12y = 2950 esn3 /min;
RF frequency = 380 kHz; R.F. power = 700 W, F = 48 Pa
Taker from Knolle [21]




Residual Stress

P.E.C.V.D.
Gas Ratios - Residual Stress Relationships ‘
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Fig. 16: Resi S5 VS, | i i . . ,
& sidual suress vs. NH3/SiBry ratio. Fig. 17: Residual stress vs. %N; in flow.
Conditions: Gases: NH; and SiBr,; T = 800 C Copdilions: Gases: Ar, N,, NH, and SiH,; SiH, conc. = 1.7%;
Taken frem Apoaf [1)
¢ = 2320 sccm; R.F. power = 250 W,
Fig. 17: Residual swress vs. %N, in flow. P=127PaT=275C

Taken from Sinha [3i) '
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Fig. 18: The effect of O, addition on residus| stress.

Condikigna: Guses: Ar, NH, O, and SiH,; SiH, conc. = 1.7%,;
SiH,/NH, = 0.71; ¢ = 2320 sccm; RF. power = 250 W,

Peu127Pu; T=215C
Taken from Sinha [31)




Residual Stress

O P.E.C.V.D.
Gas Ratios - Residual Stress Relationships
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Fig. 19: Residual stress vs. partial pressures of component gases.

Conditions: Gases: N,, NH, and SiH,.; R.F. frequency = 50 kHz;

P=40Pa; T=300C
Taken from Claassen [S]




Residual Stress

P.E.C.YV.D.
Hvdregen Content - Residual Stress Relationships
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Fig. 20 Residual sess ve. hydrogen conlent

Conditigng: Gases: NH, and SiH,:

System frequency (Hz) P (whem?) TC) Guws flow (scem) P (Pu)
SiH,  NH,

A 1356 MHz 0.4 ¥ ? 40
13.56 MHz 0.38 22 %0 %
C 13.56 MHz an 17 120 427
D 187.8 kHe 0.06 1400 e 60
El 50 kHz
E2 430 xHa 150 W
Fl SO kHz 333 280
F2 450 kHz 333 280
Taken from Kanicki [18]
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Residual Stress

0 P.E.C.V.D.

Ion Implantation - Residual Stress Relationships
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Fig. 21: lon implantatior: induced residual compressive stress.

‘ Conditons: Film A: 5% oxygen, T = 750 C, thickness = 2300 Angstroms
Film B: 0% oxygen, T = 750 C, thickness = 2600 Angswoms
Film C 0% exygen, T = 1000 C, dhickness = 2000 Angsuoms
Taken from Eemisse [10]




Residual Stress

P.E.C.V.D.
Refractive Index - Residua! Stress Relationships
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Fig. 22: Residual stress ss relaied v refrsctuve index.

Comditiony: Guees. Wo, Nily and SiH, (1%); 9ygyy = 125 mlfmin;
Yy = 83 mUnun; NHy/SiH, = 170 T = 725, 910 C
Taken frew. lrene [14)



Residual Stress

P.E.C.V.D.
R.F. Frequency - Residnal Stress Relationships
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Fig. 23: Residual stress as a function of RF. frequency.

Conditigns” Cases: N, NHy and SiHgs Onyy = 1200 scem.
Seiga = 100 seern; Ong = 200 sccm; P = 130 Pa

g Yaken from Clazssen {6]




Residual Stress

P.E.C.V.D.
R.F. Power - Residual Stress Relationships 0
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Fig. 24: Residual suess vs. R.F, power.
Conditio' - Gases: Ar, NA, O, and SiH,: $iH, conz = 1.7%; — ‘
, NF powaer (s.u)
SiH/NH | = 0.71; ¢ = 2320 scem; P= 127 Pa; T= 275 C
Taken frim Stihs 131) @

Fig. 25 Residut stress a a tunction of RF. power.

Condinipns: Guses: Ny, NH, wnd SiH . R.F. frequency = 50 kHz
Pw=dCPa, T=300C
Taken from Claassen [£)




Residual Stress

P.E.C.V.D.
Pressure - Residual Stress Relationships

)

t
-—r
r\l
r
’
i

/

1
(93]
i

1

| 50 100 150 200

Compressive Stress (x109 dynjcm?)
o
o
!
/
i
1

Fig. 26: Residuai stress as a function of deposiuion pressure.

Conditions: Gases: Ny, NH, and SiH,; &y, = 1200 scem,
Og e = 100 scem; 0y ; = 260 scem; R.F. frequency = 316 kHz

P =130 Pa
Taken from Claassen [6]
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Fig. 27: Residual stress vs. pressure.

Canditony: Gases: Ar, NHy 0, wud SiHg SiH, cone. = 17K,
SiH/NHy » 071 ¢ = 2320 geem; T ow 278
Taken from Sinka [31)



Residual Stress

P.E.C.V.D.
Temperature - Residual Stress Relationships
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Fig. 28: Residval stess as @ functon of deponiuon temperature.

Copditigns: Gases: NH; and Sitr,: SiBr,MNH; = 1113,
T=80GC
Taken from Abcaf {1} m
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Residual Stress

F.EC.V.D.
Temperature - Residual Stress Relationships
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Fig. 30: Residual stress vs. deposiion wemperaturs. s,
-3
€
Qmi Gases: Nz- mij and SxH,,. ¢~H3 = 1200 scem, 8
Ogigra = 100 87 M O, = 200 scem; RF. frequency = 310 kHz §
P = 130 Ps z

Taken from Classsen (6] 700 200 306 400 B0C 809 700 °C

“ —eem LMD ST BRSO

Fig. 31: Residual stress vs. depostiion temperature.

Condiiions: Gases: Ny, NH, and $il,.; R.F. fraquency = 30 kHz;
P = 40 Pa;
Taken from Cloassen [5]




Residnal Stress

P.EC.V.D.
Temperature - Residual Siress Relationships
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Fig. 32: Residual tensile stess ve. depousivon wmperature. TemERELrE
Fig. 33: Residual stress vs. depositton temperature Zor differing substrates.
Condisions: Guses: Ar, NH; O, and SiH,; 8iH, conc. = 1.7%:
i = PR o P =127 P T =275C Condilions: Nizox plasma reactor
SiH,/NH, = 0.71; 0 = 2320 scem, P=127Fa; T=2 Fakem from Rewsjezyk (29]
Taken from Sinha {31]
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Fig. 34: Residual strese {rnsile) vs. deposition temperature,

Condileny: Cases: Ny, NHy vnd SaH NH/SH, = 1000

Taken from Hezel {12)
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Residual Stress

0 P.E.C.V.D.

Residual Stress Vailves

Table 2: Residual stress a5 a function of deposition parameters. [18]

Gas Fiow {scem} ax 1Y
Systern (M) Poiveem ) T(°Cy P SiH, NH, Gt A -min) (dvn cm *y
120 170 -1 63
A 1380 W G 04 60 ({3 " " 178 -2 17
IR 150 -2 47
100 290 173
3] [T N [N 280 08 22 R0 310 S8
10 320 e
100 150 0 rq
e 1186 M 002 278 naz 17 120 K P
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I MmN

Residual Stress

PECY.D.

Residund Stress Values

N5 . 1.0 x 1018 <Tensile> (dya/em?) [19].

Soaditions: Plasma Technoiogy Modei PD80 Reacior
Taken from Kamber {19

8.5 x 10" <Tensite> (dyn/om?) 9],

Sondisions: Gasee. No, MHy and St T = 700 - 900 ¢
‘Taken from Liim [9)

(8-11) ¥ B0¥ <Compressive> (dyn/em?) (V).

Condilons Gases: Ny, NH, wnd SiH, (2%); &y, = 1275 sm¥/ming

B3 = 6 oriming gy = 35 om¥mis, FF. power = 400 W,
RF. frequarcy = S0 kHz, P =333 Ps, T =225 C
Taken from Diarmadhikuri 17]

(7-8) x 109 Compressiver (dynjemé) (71

Condaiong: Geses. Ny MH, and 3K, G00%): = 1600 cdfmin;

Brpggy = 400 em imin, Ggia 250 o tming KOF powes w 400 W
R.F. frequency = 30 kMHz; P = 267 Pa; T = 325 C
Taken Hom Dhoma by {71

1.2 x 100 «Tensiter {dvn/omd) [1].
Landuiung: sesre PHe and BiBrgr Sy NIy « 0077,

T R C

Taien fromg Aboal 1]
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Residual Stress
Sputtering

Composition and Temperature - Residual Stress Relationships
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Fig. 33. Relatonships between residual stress, Si/N ratio and hydrogen content.

Conditions: Gases. A1, H, and N,: R F. power density = 3.29 Wiem?;
T=178C
Taken from Martin {25}




Thermal Expansion Coefficient

C.V.D.
Thermal Expansion Coefficient Values G
2.5-3.85x 109 (1/C) [32).

Condilions: Gases: N,, NH, and SiH,;
T=940C
Taken from Tamura [32)

3.85 x 10-6 (C-1) [34].

Conditions: Gases: SiHy and NHy: T = 800 and 1000 C [34]




Thermal Expansion Coefficient
Q P.E.C.V.D.
Thermal Expansion Coefficient Values

1.6 x 10-8 (C-1; [23].

Condilions: Nizox Plasma Reacior T = 8§00 C [29]

dgiang - Os; = - 9 x 1677 [14].

Conditions: Gases: SiH4. NHg and Nj: 1% SiHg in Ng:
NHy/SiHy > 10; T = 700 - 1000 C (14]

O Bulk Mater:al

(2.5 - 3.1) x 10-6 (C-1) [23].




Young's Modulns

C.¥.D, ,
Young's Moduins Values @

4.0 x 1012 (dyn/cm?) [34].

Conditions: Gases: SiHy and NH3; T = 800 snd 1000 C {34}

Sputtering
Young's Modulus Values

1.3 x 1012 (dyn/em?) [22].

¥orhonen {22} gave no dewils on the nitride processing used.

Bulk Materiat 0

(2.96 - 3.03) x 1012 (dyn/cm?2) {23).
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