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Introduction

There is a gTowing need for the ability to perform mechanical analysis of

microelectronic 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 placed 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 films, 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 model 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

model from a mask set and primitive process description, but as yet, there is no provision

for linking to FEM tcoo's or to standardly used layout and process modeling tools, and no

database for prediction of mechanical properties from the process sequence.



V
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 diiect construction of 3-D solid models

which can then be analyzed with FEM; and (3) at the mechanical-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 tool, which we call

the "structure simulator", and which takes mask layout data and a realistic process

description and builds a 3-D solid model in a format compatible with the mechanical CAD

system (an extension of what 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 usirng ABAQUS). The 3-D

solid atodel 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 m and SAMPLE

are installed to provide depth and cross-sectional modeling capabilities. The structure

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

S



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 data for silicon nitride, Si3N4. Investigating some

100-,- references, a group of 36 was selected and the mechanical properties of Si3N4 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 tl'e cited properties have been

implemented in our mechanical properties database.
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Density

"Gas Flow - Density Relationships

28

* *

F
'o iS 20 25

J'LO* (•OJ$S.ccjYi

Fig. 1: Gas flow vs. film density.

Conditions: Gases: Ar. NH, and SiHM;
SiH4 concentation = 1.7 %; SiH4 /NH 3 = 0.71:
T = 275 C; P = 117 Pa: R.F. Power = 250 W
Taken from Sunha [31]
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P. E. C.V. D.
Gas Rabos and Composition -Densit-' Relationships

''20

I~0.1 1 10 100

Fit1 2: Density vs. SiH*J?'H-1i and Si H4 c.oncentrauen.

CVW~g=: Gaises Ar. NH, and SiH4: Fig. 3: Effk4. NH 3/S M4 upon density,
SiH, concenistion - 1.7 %, SiJ{4/NH) - 071:
T a 275 C., P v 127 Pa. R F. Powey 2-50W
'kefrom Sina 131) A: N 90 wcni: Om,,, w. 50 wccm;,

R . power a, I M;P -33 Pa. T -200 C

B: *NW3 50 occm; lt.P plower -I kW;

------- P -33 Pa, To- 200 C

()C' OAr u 90 SCCMh; OKHJ3 = ' WM

C R.V powa = I W; P 33 Pa;T a200 Ci D * ATaken fvrn~ Tessier 13211

20/

-SiH- N H

N113/SiH 4

Fig. 4: Effoa otNH~jjikI4 UWq denaity. aJi~ 2s00!

Cg~djq Coss.as: N2.. IJYS m~d SiH4: s 10 ..

SO orn R.F. pow'a M W P -33 Pa COrnPOS~ion Si/N

ýt- C~ F-2 C,8 Ef of Sol" (,An ;ton up~x &wity.

ueWA re'a: N:c M.utd Si1H,
P r' POT 0.64W,'Aiv4; P "' 167 PL,
T w 70 ( C

Taw r r ~a ,6



Dens it y

P. E. C. VD.
P1 ,. 1-reourenc' - Density Relatioriships

F CXY--C..INPo

01 10 10

Fig. 6: Relationship between RF. freqm~ncy
and density.
P =130 Pa;, T = 330 C; RF. po~wer = 510 W;,
*)SjiH4=l 0 sccm; ON,2= 7 0 0 sccm; ",,= 7 00 scra

Taken from Chkasscri IS).
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Density

P..C. V. D.
R.F. Power - Density Rclationships

2 4

PF*P-OWE (WAITS,

Fig. 7: Effec' of R.F. Vower upon density.

Reacting gases Sill4, NH3 and Ar; T = 275 C;

Sil14 conc. = 1.78 %; SiH4/NH3 A-. 0.79

Gas flow = 2320 sccm; R.F. Power = 300 W;

P= Q27 Pa
Taken from Sinha [311.
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Density
O P.E.C.V.D.

Pressure - Density Relationships

I I

50 100 ISO 20Ci

p o--- 93 107 120 133
Pressure (Pa)

Fig. : Efect of incwesed pressure upon density. "

Qfl4. wn G5&,,s: N2, NH,3 Cd SI4 :ON2 j- 300 Fc. Fig 9: Relation between gas pressures and density.
4N H3 = .100 SC. SJ1; . 10 0 sccm ; T.F. frequency 310 kHz; S =2n mt Gases: Ar, N E3  Sd

R.F. power = 50 W; T = 300 C 3
T~k-cr from Claussen [5] SiH 4 conce•itration = 1.78 %; Si- 4 /NH 3 a 0.71;

10 =2320 vccmn; T = 275 C; R.F. Pcwm, 250 W
fakcn from Siiha [31]

P 28<' 1

27--~

0 021 050 075 t.0

Fig. 10- Relation between premste anmd density.

CA&=iu GaM: N2. NH.3 amrd Sim
OW,-t, "1400 c-crn; OS..p " 100 wxMc;

RF. 1retqancy - 310 kHz;RF. 'powe ,,R, t W;
P - 65 Ps; T - 300 C
T~kcrn frcm Clamen [5r

O5



Density

P.E (2V. D.

Temperature- Density Reladonshuips

31

(-lcm3 ) J
29

300 4.00 500 6W0 700
Y (,C)---

Fig. 11: Density as a function of temperature.

CS¢j.idj : Gkses: N2 , NH 3 and Si,; ON2 = 200 sccm;
0 N113 1 !200 SCCM; 0S,.4 = 100 sccm;
R.F. frequency = 310 kHz; R.F. power 50 W;
P = 130 Pa
Taken from Claassen [5]

2 16 -F

to It

Fig. 12: Effect of suabst-ate temperature upon demit~y.

S~SiH, cotwaaraion -, 1.7 %; SU'4tJNHS M 0OM1

P A, 127I Pt-, R.F. Power ,, 250 W
Tvl'!.•n from Sinha (31)

p -

62



Density

Densit'y Values

2.55 (g,/Cn,3) [191j

SZp.n4jipU- P)&smm& Te~chnology Mode) 80 Ra&t-tor.
Taken from Kember [191

3.02 - .21 (gicm 3) [8,

ConasLUWfl,: Guses: H.2, NH I and SiH,; O02 4 liter-shnin.;

SiH4 fNH, I to 20) - 40; T = 750 - 1100 C
Taken from. Doo [8]

2.7 +/ j0.1 (g/CM 3 ) [7]

,Cpl~ SLU Gses: N2, N"- 3 mid Sili4 (2%); 0,ý = 1375 cm 3/Min;

ONM = 6 =3/mnIm; O~SiH4 = '1. C1, 3/Mmi; R.F. Power, 400 W,
R.F. Frequency - 50 kllz; P = 33.3 Pa; T =325 C
Taken fT,'ni Dh~,xmc~dkawi [7]

C92ýiIjgn: Cyasts: N2. NH 3 and Si" 4 (10)0%); ON2 w 1000 Cn 3 lmin;

ONH3 a400 cm3/Min; OSI4 15 cnfl/rnain R.T. Powex = 400 W;
R.F, Frequency = 50 kHz; P 26.7 Ila; T m325 C
Taken from Dhanriadhikari [71

Ak7



Density

Various Depositions
Density Values

Table 1: Typical density values for various depositions as reported by Morosawu in his review of the
hteratui'e. [26]

Pr, par , m Pt ih ,, io li i

C, 0 S M(, - "N1€ I I

(7\ [. SIH, - NIl, 3
C% 1. Sj 'l. N J .

RFGD. SH. - N"
RFG[. SMH .
1,P(\ D. S, ,.- NH
LPC\ D SIH:( .- "11

D iTe ,:t r f ýpuutcrm _ 3
Reacn',e r f spunerii 2 b 3

C\VD, S -)N 1 I0.

8- .• • .



Density

Sputtering

2.8 - 3.0 (g/cm 3) [26].

Cji n: The deposition cwndiLioIns are ;ot claborazed upon.
Taken from Morospnu (261

Bulk Material

3.2 (g/cm 3 ) [23].

9



Elastic Stiffness

C.V. D.
Thermal Expansion Coefficient - Elastic Modulus Relationships

N3

1 ' 3 "3

.44

, \5 -.

/ Y0

I/

1 2 3

a (1/C)

Fig. 1' Elastic stiffness as a fuu•:tion of Uhe!Inal expansion coeff~icient

for qurzand silicon substrates,

•s9nti1.•L5;2• Nitiro, Reac~tor ait 80{) C.

Taken frora Reiaajctyk (291

1 (



Elastic Stiffness (Biaxial Modulus)

CA. D.
Elastic Stiffness Values

3.7 x 1012 (dyn/cm 2 ) 1291.

-. np~jjji": Nityox Reactor; T = 800 C, thickness = 2000 angstroms [291

A.P.C.V.D.
Elastic Stiffness Values

1.5 x 1012 (dyVn/cn 2 ) [27].

SCgdis (rGies: Sil 4 , N9 3 and Ar, SiH 4 fNH3 - 02;

Net gas flow is constant; P = 133 Pa;
T - 700 - 800 C [27]

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

3 x 1012 (dyu/cm 2 ) [141.

C"kjjj.-: Gasev SiH4 , N H3 and N2 ; 1% SiH4 in N2;

NH3 /SiH 4 > 10; T = 700 .1000 C [14]

,11



Fracture

P E. C. V. I.

Annealing - Fracture Relationships

D.oo. [8] found that cracks occur in filns thicker than one micron that have 'ieen
anneatled.

,C.ntQijnjjj : Gases: H2 , NH 3 and Sil-14 ; 0r.1 - 4 Uitrs/min;

SiiJNI.NH 3  1 o 20 - 40; T - 750 - 1100;

Annealed for 15 minutez al 1200 C
Taken from Doo (8]

Isornae [16] found the following relationship for the force required to initiate

fracture in annealed films:

Ff = 10.5 exp(Q/kT)

T = annealing temperature; 600 < T < 1200 C
Q = 0.25 eV

C2n.aihi•n: Gases:N,, NH 3 and SiM,;

SiH 4 /NH3 = 0.007; T = 950;

Taken from Isomac (16]

12
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Fracture

P.P E C.V. D.

Crack Resistance

Kember [ 19] observed a crack resistance of less thaij 500 C in nitride thin films.

Qg .s: Plasma Technology Model PD80 Reactor

TakerT from Kember [19]

13



Fracture

P.E.C V.D.

Density - Fracture Relationships

Sinha [3 1 observed brittle behavior in films with low densities.

£ogzdi=: Gses: Ar, N1', amd SiH4 ;SiH, cnc. - 1.7%;

Sif-I/NH 3 = 0.71; 0 = 2320 wcm; P = 127 Pa; T = 275 C
Taken from Sinha [31)

i6
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Fracture

P. E.C.V D.

Thickness - Fracture Relationships

Tamura [32] observed cracking in films with thicknesses over one half ric-ron.

Cgrdifions: Gases: N2, NM 3 and Sill4; 0xn 1000 cc/min;
T = 940 C;
Taken from Tamura [321

I I >



Poisson's Ratio
Spu~ttering

Poisson's Ratio Values

o.25 [25].

Lgzug: Gues: H2 , N2 v,,d Ar; Si/N - 0.75 - 7;

Power darmsit ft 3.20 W/m 2 [25)

Bulk Material
Poisson's Ratio Values

0.27 - 0.28 1231.

|l



Refractive Index

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

2 83xO' Torr
Power:150W

. 2 i N2 15 sccm
0-

•'2.O10

o 3 6 9 12

5,H, Flow Rate (scCMN)

Fig. 1: The eftct of increa~e Si~i flow raw upon •,tractive index, (LýP.C.V.D.)

£i~bJ~2fl~ CL~SiSH, and 14-; 6, 1
R.F. p4:we; 150 W. P i-J.2 Ps
rr.etj [ToM Hiiuw t131

1?



Refractive Index

ResiJual Stress - Refractive Index Relationships

2.6 - \
750*C

K2.4 -

2.2
to 22~-. 850"C

"0 20 40 60

Residual Stress (108 dyn/cmn2)

Fig. 2: Relation between residual stress(tensile) and Refractive Index.

-agnj1iiiJ.: Gases: NH3 &rnd SiH2 CI2; P - 66.75 Pm;

T = 750, wd 850 C
Takien fiom Sekimouw !30j

18



Refractive Index

R. F. Powev- Refractive Index Relationships

8.3 1201 Torr

; SiH: 6 sccm

1 100 200 300 400 5 00

Microwave Power (W)

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

I •ijgnhr: Gases: Si-, and N2; ON2 = 15 sc~m;

OSil4 - 6 scare P = 0.12 P&
Taken from hiuao, [13]

0



Refractive Index
S~L.P ,C..D

Pressure Refractive Index Relationships

'S

20

, -i-20

0.013 0.13 1.3
Ga.s Pressure (Pa)

Fig + Effect of gas pressuare upon Refractive index.

£.,, Gases: Sill4 and N2 ; •?,2 w 15 scorn;

OSif ,=6 tccm; RF Power = 150 W

Tahen fro;I ltirao 1131



Refractive Index
L.P.C.V.D.

Refractive Index V"ues

1.99 +/- 0.02 [28].

CausWa: Gases: NH 3and SiH 2 CL2 , OSM2CU 15 sccM;
T = 770 C (28]



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

Refractive Index Values

1.95 - 1.96 [27].

CD.ýjjj..: Gases: At, NH3and SiH4; SiH 4INH3 = 0.2;
Net gas flow is constan P = 133 Pa; T - 650 - 850 C [28]

1.98 - 1.99 [27].

!Qondijtj"Q Gases: Ar, NH3and SiH4; SiH4IN]H3 = 0.2;
Net gas flow is constant; P = 133 Pa; T = 650- 850 C;
Annealed at 1000 C 128]

AMk



Refractive Index
AP.EC.VLD. Annealing - Refractive Index Relationships

4.

z2.4
L 2.3

2.2
S21

u. 2.0
aJ: 1.9

4 5 6 7 8 9 10 11 12 13 14 15

NH3 1SiH 4 FLOW RATIO

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

Condjions: Gases: NH 3 and SiH4 ; R.F. frequency = 400 kHz;

R.F. power = 26 - 100 W; P = 267 Pa; T = 200. 380 C

Taken from lshii 115]

23



Refractive Index
P.EC..D.

Gas Flow - Refractive Index Relationships

2.30{

2.20

UJ

= 2.10 oT=380°C

Cr.
LU
a:

2.0 
T~=~ 200 C =3 0

\OO T=200"

,N S. 3b

[-4---.L.-- J

O 5 6 7 8 9 to
f" w(Omni NH3 1Si 44, FLOW RATIO

Fig. 6: Tbe effect of Sill4 flow on retfractive indcx. Fig. 7: Dependance of refractive index upon NH3 /SiH4 flow :azi

C•uadijxio. : Gases: N2 , NH 3 and Sill4 : R.F. frtquency - 13.56 MHz;
R.F. power = 300 - 500 W; P = 267 - 668 Pa; T = 260 - 400 C ,za[UL•: Gtes: Nl-13 anJ Si-4; R.F. frequay r 4W kjFIz;
Taken from Chang 13). R.F. power w 26 - 100 W; P . 267 Pa. T - 200, 380 f

Taken horn Ishii [15)

o,>

Fig. 8. Re•ractve Itide & a furnctitc of tuu-ogen flow

•OJiiO.t : !':2S , N2 NH 3 a&Md SiH 4 ; $NH- 4 sc-cn;

Wý,,j4 -, 30 aý.crn, R.F. fofwrT 1 WV P , 26- Pa,; T' - 00 C

Tai ,)fTOTIXJýoc 1'ý0

Zt'1 Ct>L t



SRefractive Index
P. E. C.V. D.

Gas Flow - Refractive Index Relationships

J4.
I -T=200 C 22

:. 2 -~T = 250 C . tr-"
3- T 300 C

S4- T =350 C

-- - -• , -

2 :)2 0-4 1 2 4 10
Si H4 flow iSCCM)

Fig. 9: Refractive Index vs. N2 0 flow. Fig. 10: Refractive index as a function of Sill4 flow rate.

Conilgj).9: N2 , N2 0 and NH 3: OSiH4 (in N2) 2950 cm3 /min; Caf.•dir.9.a: Gases: N2 and SiH 4; ON2 = 30 ScrM;
R.F. frequency = 380 kHz: R.F. power 700 W; P 48 Pa R.F. freqUercy 13.56 MIz: R.F, power = 0.64 W,/cmn;
Taken from Knolle [211 P = 53.3 Pa; T = 270 C

Taken from Zhou 136)0

1.9 '•5~

1020 30

(N2 + NH 3)/SiH4

Figure 1 1 Rrtm-active ýA(kx as a function of gas ranio,

Ql ,A.: Gazes: N2. NH3, ard SiH4 . R.F. Frequio,-y 1 •3.56S MHz,

R F scwtr , 160() W, P -. 2P7 Pa; T - 300 C"Taien ft'om Khlifit [20i



Refractive Index

P.E.C.V.D.
Gas Flowv - Refractive Index Relationships

Table 1: Refiactive index as a function of N20 flow and Temperature.

N10 flow (cm 3/min) Temp. (C) Refractive index

0 200 2.01
10 200 1.94

30 200 1.85
60 200 1.77
90 200 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 2.05
30 300 189
60 300 1.78

0 350 2.27
10 350 1.97
20 350 1.81

Cg/l.W:ili N2, N2 0 and N'l 3 ; OSiH4 (in N2) - 2950 cm /mra;

"R.F. hequen,y 380 kHW; RKF power . 700 W; P = 48 Pa

_"ken from Knolle [211

uAWL



Refractive Index

P.E.C. N.D.

Gas Ratio - Refractive Index Relationships

1 -T=200C
-T=250C I -T=200C

3- T -= 300,C 2.T=250C
4-T 350C 3 T = 300 C

2 4-T=350C

f .- 7.C•.~':.'• .2 .

Figure 12: Refractive index as a function of Si-NiN-H rauo. Fig. 13: Refractive index vs. Si-H content.

CSG=M:l N2 , N2 0 and !43; OSiH4 (in N2) = 2950 cm 3 /min; Conditin: N2 . N2 0 and Nl3; OSiH4 (in N2) = 2950 cm3 /min;

R.F. frequer,cN = 380 kJ-z: RF power = 700 WV; P 48 Pa R.F. frequency = 380 ktHz; R.F. power = 700 W; P = 48 PA

Taken from Knolle [21] Taken from Knolle [211

2~

g 24 \. 7 7K

22 - 8/ j/ ..x -)-

82.0 750"C

|/:/ 5 10 20 50 0

ISK -N 2 !Si,.,
4 4

S '~i. 14: Refractive index vs. S~i}2CI2[NH 3 rauc. F'ig 15: Effecto gaBs ccortjositiofl cxi Reractuv.e tu.x.

•:••jjjnt Gs..es: NIi HJ 1:t SiH3 I;l. -," c.&5 flaaht•1Xki: H NI2 and Sill!4 ; •Isji' (Din N2) "29,.50 3/i,

I l'•T,, fo km,.•o{ P 4('-93 aT • < 7•, 7500 a( M iL•J 50 C' R F. froqiacncy . T,.5 MHz;R.F. po,& d•:n.iay ,, 0.• •i~a

rO e 'rl'iS•kemn 30 hor 9'3.Pi~,T• 351

-1 -



Refractive Index
P.E.C.X .D.

Gas Ratio - Refractive Index Relationships

i

Fig. it,: Refractive index as a funcuon of Si-N/N-H bond ratio

i _jnd•LnMn Plasma Technology Model PD80 Reactor
Taken from Kemt-r 119)

-- 28



Refractive Index, P. E.C. V.D.

R.F. Power - Refractive Index Relationshipý-

2.02k -

i= - 2.0•

2.0

0

Cr 1.971
Ll

0 50 100
RF POWER (W

Fig 17: Effect of R,, pxoer on Refracuive index.

C ndji..•a Gases NH3 and Sil 4, R frequey 400 klz;O R.F. power z: 26 1W, W; 26-/ Pa; T •, 200, 380 C

Taken from Ishij (151

RE oe N10W 2' a 0,31



Refractive Index
P.E.C.; .D.

Position - Refractive Index Relationships

cx
'1.4

,-,-10 0 10 20
EDGC• CiENTER EDGE

FC•SI TION (mam)

]Fig. 18: Refflicbve index as a funct~c• of position
across a 5 cm wafer.

£,.•.~ Gses: NH3 axd Sill4 ; R.F. frequcr~cy = 400 ki-z:
R, - 100W. P =26 PaT, 200, 380 C
Takc~P Iom IshN (i5]Fi. 8 Rfacv idx s untoao-,~ito

acosa5 mwfr

Cgdj ý ae:N kadS14;RF rqec 0 lzR..1 0 ;P 26?PýT 20 8
TaeihmIhi(!

AmV



Refractive Index

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

×U7 X 
Ts=200(C 270

9_. -- 0"&-2 -

<, _ • 370 •

-~2. C
- ___ ___ _

27 5.4 8.1 10.8 13.50 2 7 5A4 9.1 10.8 13.5

Pressure (x10 2 Pa) Pressure (x00 1 Pa)

Fig. 19: Effect of gas rressure upon Refractive index. F, XO: Relationship between gas pressure and Refractve ind.

9:1'X:iLr-l. 12,. N2 smd Silt 4 ; 0SiH4 in N2) = 2950 cn 3 lrnin; CMWUl.: Gases: N2 and SiH,; ON2 = 30 scem;

R.F. frequency - 13,56 MHz;R.F. power density 0.8 W/cmiv; ýSim- - 30 teem; R.•. frequency - 13.56 MHz;

00o W:.' R.F, power - 0.64 W/cran'; T , 270 C
from Watanabe 135, TTaken from ?2hou 1361

2.31 3OO'C -31OkH -,65 P

S•.•f• •., •, o •0 ...O ec€m
~2.2 0 -- 1400 stern

1.*

02 ,0 0.VC u x

Vi.2:Rclaimship betweel NN U s 902i~ ' A nd4UMW R'fmt ' w
S•,•g2l•,l•:G•,t• .2, N.N tne': •SiH4ý RYFrequemry - 310 Kqz.;

P PA, T , 300 C

3 t



Refractive Index

P'. E. C. V. D.Af
Temperature - Refractive Index Relationships

• " 111. Si-n ' ERIES I
100: SOi-p

1.95 ,A 1H Si-n SERIES 2
1 -100 Si-p

X

A

700 K)0 QO0

DEPOS IT10%. TEMPERATURE ICC

Fig. 22: Relationship between ter•:r~aare aid RefracUve index.

_-i ftAj.L=: Gases: N 2 , N I, and SH 4 ; NH 31SiH,.' 10
Taken from Hezel k12!

'Ar ,+ e at

Fi, 3.Refrf.Ti emidxa ucino ;yijMt perature

""' • u.-mu N1 N20 -.r"' NH:.f:, 01Vd+.!4 1,11 N2L:) '2950 ¢:3t i '

KT-- ft ur iwý,~c 1,- 3W0 •3Z; R V" pC ieT ,- 70 W. P -. 48 Ps•
T'*ke.ý ;,orn+ K•nolle (211

S3 'p



Refractive Index
A&P. EC.V.D.

Refractive Index Values

Table 2: Refractive index as a function of depositi• characteristics. [181

Sv1Itr C ti' P. ,cr T<,C'C P, T SH.. %H.1 GRA rinmI

120 170 1
A 1I •'. M 004l~ 2Mt q H 15 20

3X 150 2 00

B Ii iM I 3N1 2ý0 0 22 NO 310
S3'I 320 2 09SB 1' ,:,• o3n: 250 01 5 2 20 910

C' 13 5,. N 002 " ý2 I 120 901 9,4

3:0 I X

100 140

""-� 14 1 >

ISO \. 100 1 Iso I '•O 100 2W3

:50 0M3(0 71 19-
II34 '25 21" 5 2" 2 .

1 0i 0 3 ! I , 11 203 205
4 0 1 -1 14 31 4 2'35 212 2 u5

00O lA21) 24" 2Q4, 204 212

30 (K) 1001 700 254 2 15
2'0 'A 250 1525 2i9 ,

FI SI. k 31(g) \4 2Mlw 2 I 3 20I I
2041 V. •(I) 3434 398

3001 V. I1 00 10(8 .12
I'? ,l•€) 3(10 2 I 333 20(,X) 309 .

200 A 1001 2tN 369

33



Refractive Index
P.E.L.VD.

ERefractive Index Values

2.0- 2106 181.

. =- GNsV: H2 , N";i 3 and SiH', 4,,H2 - 4 litrs/m~In;
SH 4 tNH3 = 1 20 - 40; T = 750 -. I100

Taken ftom Doo [0

2.05 [191.

C.ndL't.=: Plasma Technologies Model PD80 Reactor
Taken frorm Kember [19]

1.95 +/- 0.028 [7].

ggU!.'..sJ••: Gas•es: N2 , a n, S.H4 (2%); N2 = 137- -.n3t/rin;

ON1.1 =: 6 cm 3/, :S,, = 35 cm3/mni:R.F. power = 4tk W;

RF. fre,4uency t: 50 kkHz; P = 26.7 Pa; T = 325 C
Taken from Dharrnadtukan [71

2.03 +/- 0.030 [71.

ý.9z .: Gases: N,•, NH3 and Sil4 (100%); ON2 = 100 cmm /min;

Ot:3 = 4(A) crn/mItMi; Oý = 150 cm 3imun;R.F. power = 400 W;

'.C. frequency = 50 iltz; P 26.7 Pa; T - 325 C

Taketn from Dharnadhikari 7]

1.4,



Refractive Index

Various Depositions

Refractive Index Values

Table 3: Typical refractive index values as reported by Morosanu in a review of other
literature. [26]

Pr eparation tmt,!hod t F

CND. S-i,- N H, 19 26

CVD, SC1. ?,N H 202 2

Clý D, SH, N I.4  20 21
(N'D SiH.C1,- NH, 19 21
RFGD SMH, , NH, 19-2 S
RFGD SIH N 22
LPC\D. SH, H - ., 98 20
LPC\ D, SiH.CI. - NH, 200
Direct f.f sputtering 1.9 208
Reacwc r f spuitering 2-2,1
CVD St. O•N, 1 44-203

35



Residual Stress

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

E x
- 60750

ocw

, 20 850 C
S~8

0

" --20 -1 2 3 4 5 6 7 a

IH2C'2 / NH3 Ratio

Fig. 1: Residual stress vs. SiH 2CI 2INH 3 ratio.

CS•djU=: Gase: NH 3 arnd SiH 2Cy2; P , 66.75 Pc
T = 750, 800 and 850 C
Taken from Sekimoto 130]

13-

2 "T
1>-

So .T1i

r) 7 10 1 4 is IS

Fig. 2: Residual s&et!s vs NH),SiH 2Cn,. r•aio.

IQ.•: Gaues: NH 3 AWJ SiI2Ci2: OSiH2CI - 1-5'"

Taken ftorn Pan [281

"3-6



Residual Stress
L.P.C.V.D.

Residual Stress Values

Table 1: Residual stress and change in residual stress as a function of deposition conditions. [9)

Atomic Da -t- A -. X 10-1
Fraction T t after , .Ix 1 >X 1W , - 0-da,

\0 Si I• Nx,'(,<)--r. N' ý,i (cm r, 1 ' , Irp nm cm, ch a n I-'

100i 0 0 1~7 1)1 . 4 1;,;• 1-. - 104
03 143 -127

30 0 0•.7 0.34 6.27 552t , 7,bl -35.1
-4 o..' -43 1

2,' 4 b - 7

4(, 4 21 -65.1
(4 3I 3 -- 71.

20) 0 123 0 .4 (, 2 . . 2(10 Q

S 4(j) 4 6
40. 46"* 4(6.2 -4 ')

I. 66, , 4
30 70.3 .2
•1 F• 174 _.;60 174 1.3

15 0.17 U. 34 3.4,' 3750 4 2.4-. 50
11 3.6z 33
35 5.10 24
62 8.46 14 -36

3 0.33 0.34, 7.80 ,wx 4 5.34 128
33 5.86 117
63 5.18 132 4?

1 0.4C, 0.38 7.880 2875 4 6.63 122
6.43 11(3

63 6.40 127 5

- . 1 0.43 8 38 2300 1 1.34 8W)
60 1.34 swo nil

*t ic siN4, trom SMH.+NH.

CjdjiW: Gam: N2, NH3 and SiHl4 ; T - 850 C

Taken from Dlwn 191
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Residual Stress

Annealing - Residual Stress Relationships

STRESS IN FILM

E%U j

o 9 NH3 FLOW RATE

o 1000 (cc/tnim)

IO~- 0 300
.40 100

VI)

ui STRESS IN SUBSTRATE 2

0 0

TEMPERATURE (C)

Fig, 3: Residual stress vs. aniealing tenperature.O

j:jdai: Gases: N2, NH3 and SiH 4;

T = 940 C
Taken f[om Tanura 132]
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Residual Stress

C.V.D.
Gas Flow Residual Stress Relationships

"E 1.5

00

w 1.0}

~t
10 100 300 1000

(cO/rain)

FLOW RATE OF NH3

Fig, 4: Effect of NH 3 flow upon residual stress.

~Q..l~•iLJf.• a ses: N2, NH 3 and SM.;
T = 940 C
taken from Ta, ura [321

3("



Residual Stress
C. V. D.

Temperature - Residual Stress Relationships

, 1.5

r "-.-. D O W N

U)

Lr)

w 1.0

U)

0 200 400 600 600
TEMPERATURE CC)

Fig. 5: Residual stress vs. temperature at measurement for increasing (up)
and decreasing (dov-) temperatures.

c r: Gases: N,, NI-3 and Sil-lH; ONH 3  1000 cc/mm;
T = 940 C; (100) Si wifer
Taken from Tamxura 1321

zQ
0 UF0

Fig. 6:o UP }

S 200 600 Bo 1000TEMPERATURE (0C

Fig. 6: Residual ses vs. ltrnptm re at mew.au:emeant for inc,=Aswg (up)
and dcreasmug (down) semp&xurres

C : Gases: N2, N}1ý and SiH4, 4NH3 - 1000 cchnin;
T - 440 C; (111) Si waier
TakeL ftum Tamns [321

ýAt

j0



R~esidual Stress

Temperat'ire -Residual Stress Relationships

E 1

0~

z ~ 0 EMEAUEC

Fi.7w ~ eiuIsesv.dpsuntmeaue

V)iisn Gae:N.NhadSf-;*H. 00c/nn

Tae ro Onua12



Residual Stress
A.P.CoV.D.

Annealing - Residual Stress Relationships

E

22

S I.0 1" ,700"( .

0 LO 60 120 160
ANNEALING TIME lmin)

Fig, 8: The effect of annealing upon residual stress.

Gases: Ar, NH 3 and SiH 4 ;SiH 4/NH 3 - 0.2

Net gas flow ie .onsAant; P =• 133 Pr
Taken from Noskov 127]

42



Residual Stress
"0 ~A.P.C)VD.

Film Depth - Residual Stress Relatioriships

E

- - •'•--• .-

f-~

Tensile

DISTANL.t F Pom RIT~gE PC n AU

Fig. 9: Residual su'ess as a function of depth in film.

Condiiions: Gases: Ar, NE3 and SiH 4 ;SiH4/NH 3  0.2
Net gps flow is constant; P = 133 Pa
Taken from Noskov 1271

I-;



Residual Stress

A. 1.C2 D

F~ilmI 'Thickriess - Residual Stress Relationshdips

- w/damneal

I- . -- ,"'' I -n

Fi.1:Rsda tesa fntbX ffl hcles

Gtc:AUHI" ii M ,N1 -

Ne ga lwi-os=ýP=13P

Ts w/oafomnnsov 27



Residual Stress

A. P. C.V VD

Residual Stress Values

£injir:Gasc±. Ar, Nfi3 aid SiH,, 5WiH 0.:;

Net gats flow is onistant: P -.133 Pei

hrken hoai Noskc~v 127)

JK1U1f~t 1II I



Residual Stress

P,E.C. V.DP.
Annealing - Residual Stress Relationships

12.-1

6-

2/
tensile /

-6

100 200 300 AOO 600 600 ?00

annsaim t*"*protus) $C)

Fig. 1V Pesidwd tmress vs. Lanne•ding tanapcrat.

C£gjlWMj (hits N2, KýIj and SiN. 4 , $ML'1cO IMtcm;

$sW ' 100 40-cM 6? 2  2W w- ,.ff~lw j i

P = 130 Ps
Taken from Ciamcn, 15)
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Residual Stress
E ,EC. V, V.

1im Thickness - Residual Stress Relationships

,",; I (oo'c,665A/mim)
9, oLO(.0* •, (l2,5./min)

E I ( 100"C, 65 WA/m in)

(60: C ,65A/'

0 5 -- Ji W_ --
2000 3000 4000 5000

FILM THICKNEb3 •Z)

Fig. 1.2: Residpa•. stress (temsile) as a fun;!ion of film chickness.

ý ..oI,: Ce•ses N2, N-13 and SiH4 ; 1% &H4 in N2;
NH3,'SiV4, 10: T - SN' - 1,0 C

Tane from 1rmne [14)

I
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Residual Stress
P oE. C . VD

Gas Flow Resuidw, Stress Relationships

-- N • F | --. ..[ ,,J•.

Fig..13, Residual stress vs. SiH,, flow and SiH4 /N}h 3 ';to. Fig. 14: Effect of Sil 4 flow upon residual stress.

n .GdCases: As-, NH. and SHM; Sill conc i. L7%; £Dm•i•in: GCfes: N2 NH 3 mid SiPt; R.P. P quency 13.56 MHz;

R.F;. power - 300 -500 W; P =: 267 - 668 ["a, I 26f' - 400 C
1220 scPm; R F2 7ýow5 r C Ttden from Chong !3]P' - 127 Pa; T .-" 275 ý

Taken ftrm SnhA I 31

Nlg. 15: eRshinlW wcss vi. net Ums fohw.

4Gwxc :r NH3 nd SiH4:

4 7g W



Residual Stress

Gas Flow - Residual I tress Relationships

Table 2 - RefrwtOve Lndex zs a function of N20 flow and Temperature.

N20 flow (cm 3/min) Temp. (C) Compressive residual stress (109 dyne/cm 2 )

0 200 3.6
10 200 3.7
30 200 3.0
60 200 2.0
90 200 1.2

0 250 3.0
10 250 2.3
30 250 1.6
60 250 0.9
(0 250 1.0

0 300 3.1
10 300 2.3
.0 300 1.2
60 300 0.7

0 350 2.1
10 350 0.5
20 350 0.3

c N-, N20 and NH3; OSil4 (m P 2950 Cir 3 /min;

RF frequ'rmn• - 380 klz; RF. powe~r 70W W. F , 48 Pa
Taker, from KnouLt [21]
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Residual Stress

Gas Ratios Residual Stress Relationships

Y ,- E

' - - --- -
.14F

300

C 10 t0

Fig. 16: Residual stress vs. NH3 /SiBr 4 ratio. Fig. 17: Residual stress vs. %N2 in flow.

C,. di•in : Gases: NH3 and SiBr4 ; T = 800 C T r A [, fij : Gases: Ar, N2. N "-f3 and SiH 4 , SiH , coneo 1.7%;
Taken from Aoof [1)0 = 2320 scem; R.F. power 250 W;

Fig. 17: Residual stress vs. %N 2 in flow. P = 127 Pa; T - 275 C
Taken from Sinha I311

0~0 01 V 2 0 3 04 O's 0ofIL Q,

Fig. 18: The effect of 02 addition on residual stress.

ajj•Kji : Gaza: Ar, NHI1 O "d SiH4; SiH4  m. - 1,7%;

SiH4 /NH 3 - 0.71; 2320 .cm; R.F. power 250 W;
P a 127 Pa; T - 275 C
Ttiaen from Sinha [31]
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Residual Stress

Gas Ratios - Residual Stress Relationships

a)

• 6.

E
C
>-% PNH, /Pro' -l •

3.

0.25 0N50 0.78

PS444 /Ptot _________

0.05 0.10 0.13

E
o

0/Plt ot

0.2s 0.50 0.76

Fig. 19. Residual stress vs. partial pitessures of component gases.

CIdW=: Gasw: N2 , ,NH3 and iH4 ; R.F. frequency - 50 k-H.;
P = 40 Pa; T w 300 C
Taken from Cl.assuy [5]
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Residual Stress

P. E . (. v..
Hydrogen Content - Residual Stress Retationships

eLo: 'A
A

,4 0?. E2"

F1 F'2

•. ,- /

HDG Co "--8 .-- - . I

Fig. 20-, Residual sa-ess VF. hydiogen content

C U jjj9 -G ILCS: N H• mand Silt,;

System freqle•Y (H7.) p (w/Cln2) T (C) Gas flow (urm') 11 (Pa)

S m,-l NH I

-W -13 5-6 NM-z 0.04 ? ? 40

8 13..56 MHiz 0.38 22 80 56

C 13.56 WIZ, 3.02 17 .120 42.7

v 187.5 kHz 0.06 1400 -- 60
El 50kHz

E 450 M~ ISO wF1 50M 333 280

F2 450 kHz 333 28

Taken fomn K)Uckki [IS]

as Gss xvmaanqSil



"Residual Stress

P.E.C.V.I).

Ion Implantation . Residual Stress Relationships

0r 1 0 V t'N

~ '' £ Ar'

aC Mq °" AP

'Ile

COO)

•Om~~ ~ ,,-E 8cf F ILP r,'S

T rYAP FIYSr
AL, ' T4 SV ABOLS RE YPEr 1

E oI [- -.

AVEWAG• vOL D.NSjit OF EWRCY DEPOSITED h"10 ATIC PROCESSES NeV/icr.

Fig. 2 1: lon implmawron induced residual cArepressive stress.

O 1.jIjQ': Film A: 5% oxygen, T ,50 C, thickness 2300 Algslrom'
Film B: 0% oxygen, T 150 C, Nhickness 2000 Angstroms
Film C: 0% vxygen, T I)(= C, "dci•ess s 2TDO0 Angstroms

Taken froem Emiise [ 10]

5 3
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Residual Stress

P.E.C. V. D.
Refractive Index - Residua! Stress Relationships 4

I ((7259 C, O k/min)

6 A

20

INDEX OF REFRACTION

SFig, 22-, Rcsidual Mess a, rdated• to reTwze iadcx.

Qnj • j• : Gkses. NV• NHt3 " sip,! (M); *N - 123 reX/ram;

@lowl' - 83 ml/nwin NA3/SiH, 1,'0. T -, 725, 910 C

n

I •
i 2t;V

N.• qI "I '""P" I• +



Residual Stress

P. E. C. V. D.

R.F. Frequency Residnal Stress Relationships

(NE

Scomoressive

tensde

-- 6 - frec(M H z )-''

01 10

Fig. 23: Residual siress as a function of R.F. frequency.

C2dii.wwý -saso: N2, NiH3 and SiH4- ; ON13 ý 1200 sccrn;

'-Sil4 = 100 SC7.1; ON2 = 200 ccm; P = 130 Pa

OTaken from Classcn (6]



Residual Stress
P. E. C. V. D.

R.F. Power Residual Stress Relationships

.. .. t _ • agh frotnQoncy

ctp•MqsStVE tensile

. -ompt oýsvo

'00 2¢0 300
RF¢"-PO*R(JWA•wT TS)

lovo frequency

-15.

Fig. 24: Residual stress, s. R.F. power.

.Gses: At, Ni, 02 and SiH4; SiH 4 cone = 1.'•c;

IF power (A.u)SiH 4[NH I 0.71; t = 2320 seem; F 127 Pa; T 275 C

Taken fr im Sniha 1311

Fig. 25: Residuwl strmss a a 'unction of R,F. power.

i• : GIfs: N2, N1• m•d SiH4 .; RF. ffoctency 50 kHz

P - 4C Pa. T - 300 C
Takeni fmrrn Claazan I1'ý
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Residual Stress

'P.E.CCVoD.
Pressure - Residual Stress Relationships

-12

0

0

:aP[Po)--00

50 100 150 200
b-.)

E
c

Fig. 26: Residual stress as a function of dc-position pressure.

C•UQnIIt n,: Gases-: N2, NH 3 and SiHI.; 4,'143 - 12(Y sccr;,

Osai4 = '()0 ScCn; ON: = 203 scm; R.F. ficquency 310 kHz

P = 130 Pa
T&kern from Cluassen [6]

I

" "

700 *00 000
F.",; 5 SUREl (rr I,-It V)

Fig. 27: ResiduaIl surss v,' pressure.

Qsafd 4j. j U a.' Ar, NH1. (1; aOd Slit,; SIXi C'r'o- t.'A;

S I-H4.[N HI 0 (171,; - 232, 0 iscm; 1 - 215 C

T'aktn ( furom Kis, Il

! •>7

!ýQ



Residual Stress

P.E.CX .D.
Temperature - Residual Stress Relationships

x 1010

E

SLO 2O{

C')
Za0
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Residual Stress

Temperature Residuail Stress Relationships

NA high ftuquotney
copes~

Fig. 30: Residual sm'ess vs deposition tenpefla[INr-

cur'd='ni Gases: N2, N143 and Sifl4 . 6,;4 -1200 s.c~cin

OA4=100 So 2. =~ 200 Sc-CM, R.F. frequenc 3 10 kli.
P -130 Pa
Isken from Clamssn 1t6J

100 200 300 400 500 600 700 *C

Fig, 31: Resiclual strcss vs. depos'tion tempemiure.

CaadijinMn: CSAsW: N2. MH, 3And SiH4.; R.F. fiequency 3 0 k~z4
P m 40) Pa;
Taken frem Cloassen [5]
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Residual Stress

P.E, C.V D.
Temperature -Residual 'Sress Relationships
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Fig. 32: Residual tensile stres vs. deposition tcmix.rawre.
Fig. 33: Rnsidual sitre vs. deposition tempenature "or differing substwacs.

:ndiju: Gases: Ar. N'H3, 02 and SiH4 ; SiH. conc. - !.7qc:
SiH 4 /NH 3  0.71; 0 = 2320 s•'m; P = 127 Pa; T 27.5 C Cqj.Lj.9U: Niro. plasma reactor

Taken frorn Retsjczyk [29]
taken from Sin~ha [31]
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Residuai Stress

SP. .C. V. 1).

Residual Stress Vaives

Table 1: Residual stress as a function of deposiuion parameters. [8]
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A{esidur~ Stress V~lmes

J1:Plasma Trzlxoiusgy Modti TID80 Reactva
n~' fro-m Ktrbc '[19]

~ic'~j:GALs~m N2 , NH 3 and SN,4.ý T = 706 - 9OX) C2
'T~keyi from J~i' 9)

jxj*Gases: N2,. NH3 - ac SL.H, (2%); Or; ~- 1.ý77 r5/m

6 crihm2n; OS414 = m35 n; DY.F. poweT 400 W;

R.F. ftcq.,ir.'.q = 50 k-Hz; P = '.1-.3 Pa, T 2SC
Taken frov Diarmnadhik-6r (7]

RX. frequenicy "- M) kfliz P =2t.7 Ps; T S 25 C

.2x lOle <*l'cnilk> (,dVrA'!

~ ~ .21~~nd 5;,.4; S3
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Residual Stress

Sputtering

Composition arid Tenm erature . Residual Stress Relationships

/

-. C - T--

Fig. 35. Relationships between residual s.tess, Si/N ratio and hydrogen content.

C W : Gases. Ar. H2 and N2; F F. power density = 3.29 W/cm 2;

T = 175 C
"Taken from Maruln [251
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Thermal Expansion Coefficient

C.V.D.
Thermal Expansion Coefficient Values 0

2.5 - 385 x 10.6 (1/C) [321.

Cqndij.ig: Gases: N 2. NH3 and SiH 4;
T - 940 C
Taken from Tamnura [32]

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

Cndition: Gases: SiH 4 and NH 3 ; T - 800 and 1000 C [34]

0



Thermal Expansion Coefficient

Aft P. E. C. N.D.
Thermal Expansion Coefficient Values

1.6 x 10-6 (C-1 ) [29].

• ns: Nit'ox Plasma Reactor; T - 800 C 129)

aS1 3N4 - CSi = "9 x 10-7 [14].

.j•Cgd~j : Gases: SiH4 . NH 3 and N2 ; 1% SiH 4 in N2 ;

NIH3 /SiH 4 > 10; T = 700 - 1000 C (14]

, Bulk Mater~al

(2.5 - 3.1) x 10-6 (C-1) [23].
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Young's Modulus

C.V.D.
Young's Modulus Values

4,0 x 1012 (dyn/cm 2 ) [341.

.Z.,rdjj.n.p: Gases: Sil 4 and NHF3 T • 800 .And 1000 C [341

Sputtering
Young's Modulus Values

1.3 x 1012 (dyn/cnm2) [22].

Korhonen [22) gave no details on the nitide processing used.,

Bulk Material 4P

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