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SABSTRACT..

.....

- dioxide has been investigated. " The reactant was semiconductor grade
silane (SiHy) in an induction heated hydrogen flow system. The deposii
was found to be polycrystalline with a strong (110) preferred orienta-
tion which tended toward a random orientation at high temperatures. A
geometrical model, based on the possible second near the neighbor

\

positions of silicon atoms in %he amorphous silicon dioxide, 1s proposed

which offers anfexplanatxon fqrmtheustr@ng (110) orlentailonifor

'l A\.

\-. . ,..,_',

- moderate . temperatures- and the near random orlentatlons fer hlgh

temperatures.



CHAPTER I
“INTRODUCTION

This thesis .is part of an iﬁvestigation undertaken to determine

5

the feasibility of using the ﬁﬁfg;ytha1decomp6sition of silane (SiHy) to
deposit polycrystalline silicon onrthermally oxidized silicon substrates
which are to be used in manufacturing dielectricall& isolated integratea
circuits. The bagic process gf dielectric isclation has been reported
by TRW,l Maxwell, Beeson, and Allison,2 and Jackson,5 by which tiny
islands of single crystal silicon are electrically isolated from each
other by silicon dioxide and the entixre structure is supported by
polycrystalline silicon which has been deposited on the silicon dioxide
surfaée.' Figure 1 is a schematic of the dielectric isolation process.
Integrated circuité built by this process have better high-frequency
characteristics and are more radiation resistant than conventional
integrated circuits.

The objective of this paper is to investigate the effect of
substrate temperature on the preferred crystallographic orilentation of
the deposited silicon and to determine if the presence of etched chanﬁels
in the otherwise planar substrate surfacé produces any undesirable
effects. The electrical characteristles of the dlelectrically isolated
gilicon isiands will be reported in a later paper.

A brief discussion of film deposition in general 1s presented iﬁ
chapter 2 of this thesis along with‘ a literature review of previous work

done on sllicon debosition. The topics reviewed include the physical

4
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and chemiecal deposition of slliicon on amorphous substrates as well as
silicon deposition on silicon and on crystalline (a-quartz) silicon
dioxide. Silicon~on-silicon epltaxy is reviewed only where silane was
the source material.

Surface texture is reported for the physically deposited films
and for one case of the chemically deposited films in which silane was
used to deposit silicon on fused (amorphous) quartz. In the silane
deposition“ all‘deﬁosits were found to be randomly orientated which is
in contrast to the texfure‘of the vacuum deposited films. No informa-
tion has heen reported on the microstructure of silicon deposited by the
pyrolysis of silane on thermally oxidized silicon substrates.

The experimental system and +he various steps taken to produce
and evaluate the polycrystalline silicon films are discussed iIn chapter 3.
Particular attention 1s given the silane-hydrogen reactlon system in
which silane decomposes to produce elemental silicon.

Chaptef b discusses fhe experimental ‘x_'esu.'.l.ts as evaluated with
the aid of X-ray diffraction and scanning electron microscopy. A model
is proposed in this chapber to'givé-the relative percentage of the
substrate surface which is preferentially covgfe&-by one of the low
index crystallographic planes: The samgles a%e charatterized by the
percentage of preferred 0rien£atio£ as a'funcﬁion of’ substrate
temperatures.

The final chapter makes an e?ﬁraﬁdiation of Bicknell's5 model for

3

epitaxial deposition of silicon on apqgartz'to explain the experimental
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results. The proposed theoretical model produces a preferred orienta-
tion in the deposit at moderate temperatures and a random orientation

at high temperatures.



CHAPTER 1T
LITERATURE REVIEW AND GENERAL THEGRY

NI
General Theory
The silicon aﬁoms*whichlare»deposited-are obtained from the

pyrolytic decomposition of &ilane gas (SiHu) in a ‘hydrogen atmosphere.

1 .
21, 1

Decomposition of s%lane begins at %QOO C and ihcieasé% with increasing
temperature.6 The.debompositio£;proéeSS ié thougﬁtttd:take place by a
heterogeneous reactién in which the gilépe mo;eéuies are absorbed on the
substrate surface, break down to fornm one siliconlatom énd two hydrogen
atoms per silane molecule; the hydrogen atoms are desorbed back into the
gas streanm and the silicon is left free on the substrate surface. The
-absorbed silicon atom may either attach itself to a stable nucleus and
grow, combine with snother atom or critical nucleus to form a stable
nucleus, or it wmey evaporate.7
In the case of a substrate surface having free bonds (as is likely
with silicon dioxide in themhighly reducing environment of a hydrogen”
atmosphere at high temperature, where both previously deposited silicon
atoms and hydrogen atoms may capture surface oXygen atoms leaving
"silicon bonds exposed on the substrate éurface) it is also possible that
the silicon adatom may bond directly to the substrate. In this case,
the nuclei may be expected to form in a preferred orientation‘which
would depend on the number and spacing of the subsitrate bonds.

Even if the nuclei form in a preferred mamner, the final orienta-

tion of the film may have an orlentation different from that of the



nuclei. That is, the substrate surface may lead to a preferred
nucleation orientation but growth conditions may be such that these
niclei cannot grow while other orlentations may be in favorable growth

e 8
conditions.

Literature Review

1. Physical Deposition of Silicon on Amorphous Substrates

A, Vacuun Evaporation

F. M. Collins9 evaporated(siliconlfrom a resistance heated boron
nitride crucible onto heated fused quartz substrates. Experiments were
carried cut in 1 to 5 x lO"'6 torr ﬁacuuﬁfﬁith.éubstrate temperatures
ranging from 400° ¢ to 1100_O c. ;Eilm ﬁhicknéés was on the order of one
micron.

Crystallinity was'measured ﬁith an X-ray d@fﬁ;écﬁometer. The

films were amorphous for é&bé@r@te températgrés %qlow 55@0 c.
Crystallinity, that.ié; éhekinﬁensity of recorded X-ray ﬁééks for constant
X-ray flux, increasedxéi%h iﬁc}easiﬁérs&bgtrate temrerétu%? ﬁifh a

preferred (111) orientafion-pecoming gQ?arenﬁ{ and fhéééasing, at 1000° C.

Y. Kataokalo evapofate&'silicon ffom.tant@lum fiiaments onto fused
gquartz substrates heated to 950-1050% C; J&ﬁé ;acuum-éf the system wasg
maintained at pressure between 5 to 10 x.10"6 torr and the deposition
rate was approximately 0.6 u/min for films 3.5 +thick. The
crystallography of the film was measured By X-ray diffraction, and the

deposits were found ‘to have a (111) preferred orientation.



A. J. Mountvala and G. Abowitzll evaporated gilicon with an
electron beam in 1 x 10-61torr vacuun for deposi%ioﬁ rates of be£ween
0.002 u/min and 0.08 u/min. The.fuéed quartz gubs%rafes were heated
to temperatures ranging ‘from 506‘to 10000;05\;nd ?ﬁe films ranged in
thickness from 0.05u to 0.75u. .The'ﬁextufal charactéristics of the
deposited films were meésuQed*by X-x;y‘diffrégtion and were %ound to

- 1

vary from an amorphous structure f@f ?ﬁbs%raté tempqr;%ureg below "(OOO c,
increasingly strong (116) Yexture between %650 ¢ and -900° C, and a
texture going from (110) to (111)_at 10006“0. Surface topology was
viewed with a 50X optical microscope to shov reglons, on the same
substrate, of widely varying grain sizes. The grains were about 50u
diameter in one region, 160y diameter in snother, and were rectaggles,
with dimensions of several hundred by over 1000u, in the third region.
Electron microscopy (19,000X) pictured a rough surface which‘was thought
to be caused by thermal etching of the substrate.

R. G. Breckenridge and c:owc;»;l:'ls'.erslF deposited silicon films on
heated fused quartz by using electron beam evaporation in 2 x lO-T‘torr
vacuum, Substrate temperatures ranged from 800-1000° G and the deposi-
tion rate was approximately 0.009 u/min for films 0.% to 1.16u thick.
The surface texture ranged from random orientation at a deposition
temperature of 800° ¢, preferred (100) orientation at 900° C, and
preferred (111) orientation‘at 1000° ¢.

B. Sputtered Films

H. ¥. Kumagai, J, M. Thompgon, and G. Krausle-deposited gilicon

films on heated fused quartz substrates by sputtering in an argon
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atmosphere. All films investigated were deposited at 0.01 u/min for
thicknesses.of 0.1, 1.0, and k4.0u. Electron diffraction of the 0.lu
films. and X-ray diffraction of thell.O and U4.0p films showed an almost
amorphous structure for substrate temperatures up to ho0° ¢ during
deposition but post heat treatments zbove 650o C produced a strong
polycrystalline structure; however no preferred orientation was found

for post heat treatments as high as 1000° C.

2. Chemical Deposition of Silicon on Amorphoue Substrates

A. Hydrogen Reduction of Trichlorosilane (SiHCl5)

TRWl used an oxidized silicon single crystal wafer as a substrate
Tor silicon deposition from SiHClB. Hydroéen (flow rate = 2000 cc/min)
was used &s a carrier gas and silicon was deposited at i u/min with
substrate temperature of 1100° ¢. The final film thickness was approxi-
mately 150p. This report gave no information on the microstructure of
the -deposited films.

B. Hydrogen Reduction of Silicon Tetrachloride (sic1y,)

E. G. Alexander and W. R. Runyan;5rmade depositions of silicon
on thermally oxidized single cryeﬁel silicon by hydrogen reduction of
5iCl), near 1200° d. 'In the early eéages pf growth ectahedrai silicon
erystals, 1 to 50u diameter, were cbserved on the siliéon dioxlde
surface. These investigators s%ateanthat impu;ities on the oxide
surface aided the nucleation of silicon growth the use’of a sodium
galt (such as HQPOE Héo) was needed for a uniform deposit, and that

hydrogen reduction of the 8102 surface may-be instrumental in formlng



nuclei on the untreated wafers. No information was reported on
preferred orlentation or final topology df the deposited silicon.

E. G. Bylander and M. M. Mitchel'* deposited silicon on fused
quartz in the temperature range -of 950~1200 C by hydrogen reduction of
silicon tetrachloride. It was noted that 51licon first nucleated at
etched areas on the quartz and a typical growth includéd many. octahedral
51licon crystallites on the suhstrate‘surface

C. Pyrolysis of Silane (SiHh)

R. G. Breckenridge and <:oworkt=::t’:s)+ deposited 3111c0n on fused:
quartz by the pyrolytic decomposition. of SiH4 U51ng substrate tempera-
tures of 900-1300 . ¢ and flow rates of 5 to #0 ml[mln only randomly
oriented layers were produced. No other information about microstructure
was included.

In studies of silicorn nucleation on silicon substrates Joyce and

Bradleyls

used a molecular beam of silane molecules incident upon the
interface ‘of single crystal silicon and oxidized silicon. After
2k minutes, surface<examinatiop revealed nucleation centers growlng on
the erystal but no growth on the oxide. It was concluded tha£ at the
Iow growth rates (9.3 x'lol5 molecules cm-2 sec'l) used in the experiment
no growth occurs on the oxide surface.
3. Epltaxial Silicon on Single Crystal Substrates by the
Pyrolysis of Silane (8iH))
A. Slngle Crystal Silicon Substrates
Using very low growth rates (approximately 1.0 A/min or 10”” u/min)

in a silane molecular beam deposition system, Booker and Joycé16 showed
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that nucleation of silicon began as separate growth centers, usually
separated by a few mlcrons, .at random sites on the substrate which was‘
heated to 8h5o C. The nuclel were shaped as truncated tétrahedra on- the ’
{111) orientated silicon substrate with approximately 4 to 1 base-to-
height Pratic. The théee inclined sides of the tetrahedra intersected

the substrate along the three < llb > directions. These nuclel continued
to grow with time and it was assumed that they would ultimately have
Jolned to give a contimious epitagial layer.-

Using the same molecuylar beam system, Joyce, Bradley, and WattslT
investigated the ngclé;tion‘of'iy:glytic;ll;'deéomposed silane on (100)
siliéon substrates. JAgain-silicon:growthlstapté& as separate growth
centers which were réctangﬁlar in.shape.

The data for béth:nucieatién-exéerimeﬁts were fitted to the
theory of Lewis’ and Cam.pbell7 to ‘predict & minimm (111) nucleus of
three atoms and a minimum (100) mucleus of four atoms: waever, when
" the silicon substrates were glven #n extensive predepobition cleaning
treatment ne nuclei growth was dbser;ed. Ek?oéﬁfg‘of the cleén wafers
to organic contamination again produced three dimensional nucleation.
It was concluded that the discrete growth centers were due to minute ‘
amounts‘of surface contamination.

The two papers (16 and 17) reviewed sbove investigated silane
) deposition only in the initial nucleation region. In earlier work
Joyce and ]E’>r:a.c11e3r']'8 Investigated epitaxial silicen on silicon by using
low partial pressures of sllane in & previously evacuated system.

Complete sllicon overgrowths were observed for growth temperatures



11

betwean 920O C and 1260O C and silane préssure of X torr. The growth
rates as effected by substrate temperature and silane pressure are

listed in table I.

‘TABLE 1

. . . - s
Temperature range investigated | - 920-1260" C

920 < T < 1100° ¢
Exponential increase (activation
energy = 37 K cal./mole)

-

Growth rate (u/min) as '
affected by temperature

| T < 1100°,C ‘
' G.R. = constant, (for constant
pressure) ' .

1 \

T < 1100° ¢
G.R. = 2P _ 3

Growth Rate (u/minj Law for 0.1 <p<1.5 torr

as affected by SiHh

pressure T > 1100° ¢

G.R. = CP%; n = 1.3 at 1060° ¢

5. E. Mayer and Shea19 investigated the deposition rate
of sillcon on silicon by the pyrolytiec decomposition of silane using
a Hé-SiHu flOW‘system Instead pf'a vacuum system. The growth rgte was
slightly teﬁperature dependent with a maximum at 1200° C. Deposition
rates were also affected by the hydrogen-silane ratio, holding the flow
;ate of hydrogen and substrate temperabure constant; and by the SiHh
fIow rate, holding the o, - SiHu ratio and temperature constant.

Bhola andA.beeranlsodepositedepitaxialsiliconfilmson single

crystal gilicon substrates by the pyrolysis silane in a hydrogen silane
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flow system. After diluting the silane to 0.2 volume percent in
hydrogen they obtained deposition rateS‘O.S‘u/ﬁin for substrate
temperatures of 1050 to lOTO0 C and 1.12 u/min for temperatures of
1100 to 11k0° ¢, The.siliFon layers tended to become pol&crystalline
for deposition temperatures below 1000° C.

B. Single Crystal Quartz Substrates

Bicknell, Charig, Joyee, and Stirland5 grew epltaxial layers of
silicon on the (C110), (1120), and (0001) faces of single crystal quartz
using a hydrogen-trichlorosilane flow system. Electron microscopy
showed growth nﬁcleating as individual grswth centers. The observation
that the growth centers, or islands, were fairly'constant in size |
regardless of their distribution ‘density was interpreted to imply that
. the mobility of silicon atoms on the guartz surface was quite low and,
hence, isglands grov ornly by receiving new adatoms. The islands were
almost 1000 X thick before the final channels between islands
di:sappeared.

As a "speculative' model for epitaxy it vas préposed that in the
reducing stmosphere (hydrogen at 950 to 1250° C) the quartz.surface
would be oxyéen deficient which would produce f:reé silicon bonds and
bonding would occur at the silicon—silicoy ipterf;ce. This, theory was
substantiated by experimental results %n'which the (001) face of silicon
is parallel to (00OL) qgarpz'apdf('ow) silicon is. pa.ra.liel' to (1010)
quarté for the three quartzxorient;tions séudiédl

Part of this group of wprk;qégl later boméared the above ﬁork

with silicon on quartz epitaxy ﬁréduced by a silane-vacuum system. For
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both systems it was found that the growth rate of the epitaxial layer
was essentially independent of substrate temperature (950 to 1250° ¢)
but was a function of the partisl pressure of the gas (trichlorosilane
or silane) only. The comparison of the two gases did not go into the

type, size, and distribution of nuclei.

Summary
Fpitaxial deposition .of si;}con‘on‘singleLcrystais has‘been
extensively investigated and, al%hough there ié‘quite a bit of disagreeu
ment, the properties of silicon evépofated'bp‘fusedtquartﬁ substrates
has been reported for sdbstgafe temﬁeratures varyﬁng from hOOOACIto
1100° €. There has been opl§wone report of using the‘p&rolytic &ecogpo-

L

gition of silane to deposit"silidon‘on'fused quartz ' and therrééu;ts

(?andom.orientations for tempe;§tu;e§ ranging from 900‘to‘l§000 ¢) did
not agree with any of the vacuum depbsition repofté.‘_Thegéﬁthor wishes
to extend the knowledge of silicon deposits on ;morphous substrates by
‘investigating the effect of substrate temperature on the preferred
orientation of silicon deposited by the pyrolytic decomposition of
silane on thermally oxidized silicon wafers. To the author's knowledge

there have been no previous reports of work in this immediate area.



CHAPTER I1X
THE EXPERTMENT

The broad purpose‘of thie research was to investigate the use of
silane in deposliting polycrystalline silicon on oxidized single crystal
silicon to bé used in dielectrically isolated Integrated circuits. The
immediate objective was to investigate the effect of substrate tempera-
ture on the preferred orientation of pyrolytically deposited sillcon on
thermally oxidized single crystal silicon.

The bas;c steﬁs in the experiment were:

1. Oxidation of tye single crystal silicon waflers

2. TFor some wafers,_etching of moats 1n crystal sufface

3. Pyrolytic silane reacéion for silicon deposition

k., X-ray diffraction examination for preferred orientation

5. Microécoie-examinatiéﬁ, both optical and electron séanniné

miéroscbpya for. surface topology
Each ofithesé stép;:wilf be discgésea ;nder a separate heading.
1. Oxidi%ed éilicpn Spﬁstrate.

‘ The:initial‘waferg‘were OfOOﬁ.ohmpcm'boron doped gingle crystal
silicon oriqﬁtaté& within:Qo'éf;the'(lli) %ace. The wafers were purchased
already sliced (1 in. X b.OIZin.); lapped,'énd polished. The éubstrates
were oxidized gn,é quartzrﬁubé furnace'étgllodb C by bubbling nitrogen
(1000 ce/min) through & vater bath heated to OI° C (partial pressure of
water vapor 525 torr). An oxidation time of 2 hours and 45 minutes

produced a one micron thick oxide. Since the color of a thin oxlde

Ih
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layer is due to light interference, the lac? qf color variation of the
oxide surface indicated that the léyer was flat and smooth.

Ko structure'geterminaﬁionImeasurements were performed on these
oxidized substfates but silicon dioxide grown on clean silicon substrates.

L]

has been reported as being amorphous with short range cristobalite

structure.22’23‘

The B-crlstobalite structure has silicon-silicon
interatomic spacings of 3.08 2 and 5.03_K,and using electron diffraction
techniques the average spacing of silicon atoms in thermelly grown
oxides has been measured as 3.10 3.29

2. TFormation of Channels in Silicon Crystal Surface

In order to simlate the dielectric isolation Fabrication
technique, approximately one-half of the test substrates had channels
etched in the surface of the single crystal wafer. The channels Wefé
approximately 0.005, 0.0006, and 0.008 inches wide, 0.20 inches long, and
0.00l inches deep with the lengths of the channelé both perpendicular
and parallel to direction of incoming gas flow (see Fig, 2).

In forping the channels the standard photo-resist technique was
used to étch the channel width and length through the oxide to the
silicon surface using a buffered HF solution (1 part (vol.) HF to
4 parts (vol.) of solution of 8 parts (wk.) NﬁhF to 15 parts weight of
deionized water)).ah The photo-resist is removed and a solution
(HF:HNOB:HAC;2:15:5 (vo]..)):L which preferentially etches silicon and
not silicon dioxide is used to etch the moats to a depth of approximately

0.001 inch. After etching the silicon, the remainder of the oxide-is
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Etched Channels

"

Gas Flow

/ - Oxidized Silicon Wafer

Figure 2.~ Test Battern for Diglectric Isolation.
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removed using the buffered HF solution. The etched wafer is then
processed (cleaned, oxidized, etc.) as a new wafer. The etching steps
are listed below:

Selective Area Etching of Silicon

a. Oxidize wafer (approximately lu of oxide)

b. Place wafer on spinner, apply KMER photo resist, spin at
3000 rpm for 30 seconds

c. Dry photo~-resist for at least 10 minutes at 1850.F in
vacuum oven

d. TFlace magk over wafer and expose photo-resist with sun lamp
{ approximately 20 sec)

The mask used in this step is a Kodak glass slide
which is the negative photograph (20:1 reduction)
of a plastic sheet. The plastic sheet is a two
layer laminate, one layer is clear, the other is
opaque. By carefully cutting and removing only
the opaque layer any desired mask can be fabricated.

e. Develop exposures

. Harden photo-resist in 1850 F vacuum oven Tor at least
2 hours.

[The silicon dloxide is now completely covered with polymerized
photo reslst except iq the regions where the channels are to be
etched in the silicon crystal. The polymerized photo-resist is.
strongly resitant to the buffered HF acid but 1t is readily
afﬁacked by %heigiliconvétéhing soluticn., Hence, the necessity

.?of uéing a'two step masking {ekhnique.]

Z. 'Efcﬁ the Exﬁosed oxide withxﬁhe ‘buffered HF solution

h. Remove the polymerized photo-resist with hot sulfuric acid

- (H,80)
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i. Using the etched sillcon dloxide as a mask, etch the channels
in the silicon crystal
3: Remove thepreﬁainder-of the oxide in buffered IF
X, Reoxidize wafer as 1ﬁ.pa£t 1.
3. Silicon Dep081tlon by the Pyrolytlc Decomposition of Silane

7

The experlmental system used in’this research was a Westinghouse
indﬁction heated silicon epitsxial grow;h system which is powered by a
standard 15 kw- RF (h60 KHz). generator. Gases used in the various
reactlons are stored in a cabinet behind the magter gas flow control
panel. ,The gases are fed.through stalnless steel tubing from the
storage cylindess to‘elec%:amechanical (solenoi&) valves and are then
metered through needle‘valve-controlled flow meters. The carrier gas,
hydrogen, is first is line; it "picks up" and mixes the other gases
thfough approximetely 3 feet of tubing on the way to the resction chaﬁbe}.
The gas flow times anﬁ seguences can be operated either manually or
automatically, in which case the fiow times are preset. In elther case
the gas flow rates and'any temperature changes are manually controlled,

The reaction chamber is a 30 g 2-1/2 inch fused quartz tube with
ground fittings on each end. The gases are exhausted Into a veniilated
water scrubber.

Substrates used for the various depositions are placed on elther
a silicon carblde coated graphite suscepbor or a quartz envelope
containing a graphlte susceptor. In elther case, the susceptoi has

dimensions of approximately 9-1/2 b 1-3/4 X 1/2 inch. The susceptor is

heated by a water coocled RF induction coll. Temperature is set using a
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standard optical pyrometer and is controlled by a two-color pyrometer.
Figuﬁe % is .a block diagram aﬂd Figure 4 is a picture of the system.

in g typical'run four.Qafe;s werélﬁiacéd_on a silicon-carbide
coated grapﬁite susceptor gﬁich‘was positioned inside the quartz reactor
_ tube at the m%dpoint'o? ‘the -RF induc%iop'coil{ at an angle of approxi-
mately 7° from horizbnt;li The firstzéna féérth wafers in line on the
susceptor were single erystals (no thérmal oxlde growth) in the "as
received" (i.e., lapped,. chemicaily'éolished, and cleaned) condition;
the segond wafer, usuéily, vas. an etched oxide coated sample, and the
third wafer was aﬁélana; oxide coated sample. Basically, wafers 2 and 3
were test samples; and wafers 1‘épd k were monitors. A doping gas, PH?,
was added to the flow to aid evaluation of the monitors.

The gas flow lines and reactor tube were purged with nitroéen
and then hydrogen before aptivation"of the RF generator. Once the R¥
generator was activated.the temperature rise time was very rapid (approx.
1 to 2 minutes to obtain desired, 800-1200° ¢, . temberature). During
warmup, temperature and gas flow rates were adjusted to desired values
(silane and doping gases were shunted around the reactor tube during
this period}. At the end of the 8 minute warmup period the silane and
doplng gas were switcﬁed into the reaction chamber and the pyrolytic
deposition began. AU the end of the deposition time the silane and
doping gas flows were cut off and the temperature remained constant
for one minute, then thé RF generator was cut off, and the samples were

cooled in hydrogen.
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1 To R.F. Generator

Quartz
Reactor Tube

H Doping
2 Gas

Figure 3.- Simplified Block Diagram of Reactox Sysiem.



(b) Reaction Chamber and Suscepter

Figure 4.- Reactor System.
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The main hydrogen flow rate was held at a constant 13,000 cc/min
for allruns. 600 cc/min of hydrogen was mixed with the SiH), gas
immediately after the SiHh flowmeter on all runs. The silane gas flow
rate was 50 cc/min and the deposition time was 20 minutes. This gas
mixture ratio produced a very small volume percent of silane.

Volume Per Cent Silane =

Flow rate of silane x 100% ~ Flow rate of silane x 100% o
Total flow rate of all gases Flow rate of hydrogen

50 x 100%
T15,600

= 0.37%

The PH3 flow rate, derived by two stage dilution with hydrogen,
was approximately 6.5 x 10"6 cc/min. This concentration of phosphous
at the given silane flow rate would produce a resistivity of 1 ohm-cm
in an epitaxial silicon layer.

The lowest deposition temperature investigated was 840° C and
the highest temperature was 12650 C. No meaningful results were
obtained for substrate temperature greater than 11700 C.

4., Preferred Orientation Examination

At a 208 angle of 500, a 10u thick silicon film offers enough
mass to reduce CuKa X-rays to one-half intensity. Since all films to
be investigated were at least 5u thick, it was felt that X-ray diffrac-
tion would be sufficient for this phase of the research. A standard
General Electric XRD-6 Powder Diffractometer was used with 50 Kv and
15 ma on the copper target tube.

The samples were 5 to 20u thick silicon films deposited on

oxidized silicon wafers which are orientated within 2° of the (111)
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plane. Since both the oxide and silicon deposit are flat and parallel
to the initial silicon wafer, the sample can be placed directly in the
powder sample holder and the crystal planes in the deposit which are
parallel to the oxide surface will be in the proper position for Bragg
reflection. Generally the misorientation of the (111) plane of the
silicon wafer was great enough so as not to be recorded by the
diffractometer and the short range order of the 8102 producer to readily
measurable diffraction peaks.

The preferred orientation is measured by comparing the relative
intensity of the primary peaks of the sample with the relative
intensities listed on the ASTM ca.rd.25 In a sample with preferred orien-
tation, not only does one specific X-ray diffraction peak intensity
become relatively larger than that recorded on the ASTM file, but also
the integrated intensity of the preferred plane may become much larger
than the integrated intensity of all of the peaks combined of the
randomly oriented sample. The increase in total intensity is due to
the ordering of the erystals, whereas in the randomly orientated sample
many crystal grains were not recorded at all since no low index face
may have been normal to the axis of the X-ray goniometer.

To give accurate comparison of preferred orientations all X-ray
scans were run at identical settings except for the counts-per-second
(CPS) scale which, of course, is readily convertible from scale to scale.
The high voltage power supply settings, beam widths, and scan speeds are

listed in table TI.



TABIE 2

XRD-6 X-RAY SPECTROGONIOMETER SETTINGS
High voltage 50 KV
Current 15 ma
Beam width 1.0° medium resolution
Sollor slits Medium resolution
Detector beam widths 0.2°
Scan speed 2° (28) per minute
Recorder speed 1/2 in. per minute or 4° (28)
per inch
Counter time constant 1.0 second

5. Surface Topology Examination

X-ray diffraction measurements gave only the preferred orientation
of the silicon deposits but many other important parameters were yet to
be determined. In order to be useful in the dielectric isolation
technique of manufacturing integrated circuits the silicon deposit had to
be flat, uniform and void of pores or cracks. The deposit must also fill
any and all moats or channels which were previously etched in the
substrate. From a scientific viewpoint, the habit of the surface
crystallites should be examined and from both a scientific and technologi-
cal viewpoint, any extraneous growth, needles or spikes, should be
examined.

To accomplish this surface examination both optical and scanning

electron microscopy were employed. The optical microscope used was a
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Bausch and Lomb Dyna Zoom Metallograph with magnification continuously
variable from 80X to 800X. A Polaroid camera attachment was used to
record surface features.

The scanning electron microscope (S.E.M.) is extremely useful in
examining submicron surface features and its large depth of field makes
it superior to the optical microscope even at ordinary magnifications.
The S.E.M. (K-Square Ultrascan Model SM1) works on the principle of
using magnetic lenses to produce and scan a fine beam of electrons on
the specimen surface. This primary electron beam (1-20 KV) hits the
specimen surface producing secondary electrons which are collected and
detected by a positively biased scintillator. The output of the
scintillator is displayed on a cathode-ray tube, and the primary electron
beam is scanned in synchronism with the C.R.T. trace. Surface topology
is revealed since the number of secondary electrons emitted is a funetion
of the angle between the primary beam and the specimen surface.26

Useful magnification of the S.E.M. is from approximately 20X to

30,000X. The final magnification-is a function of objective lens

current and primary beam voltage and is given in the equation below:

b -1/2

X = 1.27 x 10' KI® E (3.1)
where: X = magnification
I = Objective lens current in amperes

E = Primary beam accelerating voltage in volts

K = Magnification factor



CHAPTER IV

EXPERTMENTAL RESULTS

Introduction:

Macroscoplcally flat layers of polycrystalline silicon were
deposited on the oxidized silicon substrates for all test temperatures
except 12650 C. At a substrate temperature of 12650 C the reduction and
erosion of the silicon dioxide was too rapid to hold the deposited
silicon. Examination of the wafer after the run showed that all the
oxide had been removed and random crystallites had nucleated and grown
on the single crystal surface (Fig. 5). The remainder of this chapter
will be a discussion of test results for substrate temperatures of 840
to llTOO C only.

In no tests did the etched moats (or channels) produce any
irregular results but in all cases the sides and bottoms of the moats
were covered with polycrystalline silicon in the same manner as the
remainder of the wafer surface. The outline of the moats was still
apparent after deposition but this would have been eliminated by thicker
silicon deposits. Figure 6 is a photomlcrograph of a cross sectioned
wafer showing the filling of the moats.

A1l deposits were polycrystalline (test temperatures of 840 to
1170° C) with a preferred (110) orientation. The preferred orientation

was strongest for substrate temperatures of approximately 1000° C.

26 .
|
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Figure 5.- Crystallites on Eroded Surface.

200X

Figure 6.- Cross Section of Silicon Deposited in Etched Moat.
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Preferred Orientation; General :
The relaﬁive intensities of B low index planes of randomly

orientated ,polycfritstalii?e silicon are listed in the table below.

TABLE 3 - (Ref. 25)

R@LAIIVE INTENSLTIES OF LOW INDEX SILICON PLANES

e T | Sete
(111) 100%
(220)* | 60%
(311) 35%
(k00)" 8%
(331) 17%

*Silicon, with 1ts diamond structure,has only second order
reflections for the (110') planes and fourth order reflections
for the (100) planes.

The data in table 3 is frdm the A.8.T.M. data card which was

made by X-ray diffraction of a flnely divided gilicon crystai. Tt is
assumed that all crystallographic :E'aces. had, an equal probabllity of
satisfying the Bragg ela.ngle. If, in a silicon film, one or more sets of
planes show a relative intensity greater than that listed on the A.S.T.M.
card then the sample is saild to have a preferred orlentation in the

direction of that set or sets of planes.
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If in two sets of powdered crystals one set had a preferred
orientation and -one did not, then it is likely that the integrated
intensity of the preferred pesk would be greater than the total integrated
intensity of all peaks in the randomly orientated sample. That is,
preferred orientatiﬁn is an ordering effect. In a preferrenbially
orientated sample, many crystallites which would not ordinarily .contribute
to any iIntensity peak are brought into Bragg reflection conditfions.

‘The extent of pgeferred orientation, that is, the per cent of
substratg gurface covered by a particular orientation, can be estimated
by the folléwing mode}. The integ;aﬁed intensity of the suspected X-ray
peaﬁ‘ofvﬁhé s;mple;is recorded aﬁdkéhen it 1s compared with the inte-
.grated X-ray intensity of a single crystal, of the same material as the
test. sample, which is alined in’ the X—ray sample holder along a low
1ndex crystallographic orienxation - I the deposit has a strong
prefgrred orlen;ation then the X-ray intensity of thersample, at the
Bgagg aggie, shopld approach the iﬁtensity of the properly orientated
single crystai if the seme sets crystallographic planes are compared.
Different sets of planes can be compared by observing the 1ntensity‘
ratios given on the silicon A.5.7.M. card. Only comparative measurements
were used in this paper, The deposit which had the strongest X-ray -
intensity peak was used as a reference, but it was believed that this
deposit had a very strong preferred orlentation since photographs taken

on the scanning eleetron microscope showed the surface had a very uniform

texture (¥Fig. 13).
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The per cent of preferred,oriéntamion of other planes can also
, T :
be calculated from the reférence‘éample by comparing relative intensities

of the various planes listed in table 6. The equation used to calculate

the percentages of préferred orientation is

G - A, (-?wﬂ[’-) R‘Z//Zﬁfﬁf) “/0C7;
#2 T (Reference) '

where:

(Sggl = percentage of crystallites of which the (hkl) plane that lies

parallel to substrate surface {as compared to the reference sample)

L1

(Sample) = X-ray intensity of the (hkl) plane of the sample being
investigated.

T (Reference) = X-ray intensity of reference sample = 2600 cps

R.I.(A.8.T.M.) = Relative intensity, as cbtained from the standard
A.S.T.M, file card, of the (hkl) plane and the plane
of orientation of th; reference sample.

Results:

The crystallography of the deposiis was strongly femperature.dépendent.

The absolute intensity of the (220) crystal peak showsa;n inerease with

increasing temperature until 1000° C and then the (220) intensity

decreased with further increases in temperature (¥ig. 7). As may be

expected, the relative (to the (220) peak) intensities of the other

low indéx crystaliﬁgrﬁph;c planes increased as the absolute (220)

intensity decreased (Figs.-8-11), indicating that the orientation of the
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deposit was going from a strong preferred orientation to a more random
orientation. Table 4 tabulates the X-ray dats in terms of the absoluté
(220) intensity and relative intensities of the other planes. The

per cent of deposited crystallites which have either thelr (111), (110),
(100), or (331) faces alined parallel to the substrate surface is
calculated by using equation 4.1 and the results are listed in table 5.
(The data tabulated in table 5 is not exact, since no standard was used
as reference, but it is only comparative data, since sample 2-3% which
had a very strong (220) line and very low relative intensities of other
planes were used as the reference.) '

The' X-ray data indicates that the deposits go from a very strong
preferred {110) orientation at approximately 1000° C to an almost
equally mixed, but moderatel&,strong, preferred orientations of (110)
and (100) crystallites at approximately 1100° C and then to én almost
random or mixed orientation at deposition temperatures near 1200° C.
Even in the high temperature deposits the (111), (311), and (331)
orientations are depressed from the standara A.S.P.M. (relative to the
(220) peak) intensities; hence, the deposits are not completely
random, but still haveé a slight (110) and (100) preferred orientation
with the (110) ordemtation domipating in all runs.

The loyest(femperature deposit made was at 8:0° C. The absolute

¥ i
(220) amplitude was no lover +than some high temperature depositions
+ f‘ ' l‘ v - -

(See table 4) but the relative amplitudes of the other planes were
lower. for this sample than ?or the high temperature depositions (see

Figs. 9-12). The low sbsolute amplitude of the (220) peak is not
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TABLE 4

X~-RAY DIFFRACTION RESULTS

Semple ' ,72_1 2.2 | 2_5 -k | 25| 2-6 | asm
Te?gegit“e auo. 860 | 980 [1095 | 1160 | 1170 | ---

(220) (ops) 195 | 1360 [2600 | 620 | 300| 160 | en
RAC I el I I I Bt K
e N I R ) I
In}c;ng%t}(r?gg)ghoo) n n 3| 12 7 12 13.5
g | o e el | wl | a

b= detec’é.able, but .not measurable, on range of which data was obtained.
n = not detectable on range -of which data was obtalned.
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TABLE 5

COMPART.SON OF PER CENT PREFERRED ORIEﬁTEEION OF LOW INDEX PLANES IN
STLICON DEPOSITS USING THE (220) INTENSITY OF
SAMPLE 2-% AS A STANDARD

‘Semple 2-1 o2 | 2.3 | 2k | 25 | 2.6
Temperature © ¢ | 80 | 860 980 | 1095 |1160 | 1170

- . \‘ . \\\ \\ \‘\‘ . \“ \

. SN -

Plane index §3£S:§\.;::\\:\\‘:i:::?\ g::T\\\\ g;:i?\ <§i§;::\k
(111) (%) 1 b b 5.7 58| 3.9
(110) (%} 7.3 52 100 2k 11 6.2
(x00) (%) n n 21 6 5.5
(331) (%) 2.5 5 | 11 7 4.5
Surface covered .

by preferred 0 | 57 56 286 1 20

growth (%)

-

(220) intensity 195 1,360. 2,600 620 300 : 160

(cps)

o
]

detectable; but not measurable, on range of which data was
v obtalned

not detectable on range of which data was obtained.

-]
v
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explaingq in teqms of the deposit going to a random orientation. Using
silane,‘amprpho&s-silicon has been deposited on glass substrates at
temperatures as high as 650 C, and the macroscoplc appearance resembled
the crystalline form. 21 Hence, this deposit is probably mostly amcrphous
and the crystallites that do exlst have 2 preferred (110) orlentation.

s An example of thelﬁ—ray dlff;acéometer data is shown in Figure 12
wpere\¢h?'diffractiop péaks from sample 2-3 are compared to the-peaks
in sample 2-4. Both éiffraction paftgrns were taken with ldentical
machine settingq. The upper ’cur‘v&shows a very strong (220) peak and
the lower cuéve:sﬁowg a yeaker (220) pesk, but the rélative {and in this
case, the absolube) intensities of the (111), (400) and (331) peaks |
have increased.

The surface topology of the -samples was examined by using both an

optical microscope and a scanning electron microscope. The majority of

the surface of zll samples was covered with small (=~ lg), slightiy
rounded crystallites (see Figs. 13 and 14). Scattered about on some
samples were random growths of spikes or needles. The extraneéus gfowths
were most common on the lower temperature deposlts, but no general ‘
pattern or condition for growth was observed.

The appearance of the small éfystallites whi:ch covered most of
the surface varied slightly‘with temperature. Sample 2-3 has been
determined, by X-ray diffraction, to be almost completely covered with
crystallites orientated with the (110) face parallel to the surface,and

the photomlerograph taken with the scanning electron microscope (Fig. 13)

shows that nearly all crystallites are similar in appearance as though



29

there is a common morphology for the (110) orientation. Sample 2-k
has been determined to have a mixed orientation of (110) and (100)
planes (the (110) dominates) with a representation of other orientations
as well (table 5). Examination of the magnified surface shows & large
number of crystallites which were common to the {110) orientation and
also a number of other shapes, one of which 1s characteristic of a (100)
orientated octahedron (Fig. 14).
Summary of the Experimental Results:

The microstructure of the deposited silicon films was strongly
~ dependent on substrate temperature. At the lowegt substrate temperature
the deposit was nearly amorphous with the existing crystallites alined
in the (110) direction. As the deposition temperature increased toward
1000° C, the deposit became more crystalline with the majority of
crystallites alined with thelr (110) face parallel to the substrate.
Above 1000° ¢ the extent- of preferred (110) orientation decreased and
there was a 81gnificant contribution from (100) orientated crystallites.
At temperatures near 1200 C the dep081ts are nearly random with a weak
(110) and {100) preferred orientation with the (110) orientation
ﬁomigeting.

The diameter of the deposited crystallites was approximately Ilp
on allisamples. The morghology of these crystallites could be correlated

with the extent of preferred orientation of the deposited films.



(b) 4800X

Figure 13.- S.E.M. Photomicrographs of Sample 2-3, T = 9800 C.
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Figure 14.- S.E.M. Photomicrographs of Sample 2-4, T = 1095° .



CHAPTER V
EXPLANATION OF RESULTS

It has been demonstrated that in silicon on silicon epitaxial
‘growth an orientated nucleus on the (111) surface is stable with three

15 17

atoms ~ and nucleation on a (100) surface is stable with four atoms.

The results were obtained by fitting data to extrapolated theory

T

originally developed by Lewls and Campbell.’ However, this data was

obtained on substrates where initial nucleation -started at what was

17

postuiated as being points of carben contaminatioﬁ, hence, these

minimum nuclei models would not necessarily carry over to,othéq
substrates. That 1s, the minimﬁﬁ stable (111) nucléus is three atoms
when nucleation beging at a pointléf carbon qpptamiqation. ‘Ehe minimm

t

nucleus for_a_perfect (111) surface is not known. HEnce, it is not

[ g

conhlusive that all (lll).orieﬂﬁéted'silicon?growths beginj%s,three
atom nuclei.

Bicknell5 has proposed a model’ for’silicon epltaxy on crystalline
quartz. In this model the SiO2 sﬁbétfdﬁe sﬁrfacg becomés oxygén deficient
durding high temperature treatment in a hydrogen‘éfﬁosfhere and ‘the
surface silicon atoms (in the quartz) have free bonds to attach to the
depositing silicon atom$. The silicon atoms in the {1010) surfa;é‘of
quartz are alined such thgt thére is only a small misfit. from the (100)‘ .
silicon crystal planes and bonding in the quartz is such that in an
oxygen reduced (1oib) surface there would ge two bonds exposed per

silicon atom (Fig. 15). In (100) orientated silicon there are two

Lo



Silicon Oxygen Ep%tgxial
in Quartz in Quartz Silicon

Figure 15.~- Silicon on Quartz Epitaxy (Reference 5J).
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silicon bonds from each atom going to atomsvin the plane above the
plane of reference.

By extrapolating Bicknell's model to amorphous,8102 with short
range cristobalite structure in which the silicon -atoms have an average
interatomic spacing of 3.1 3,22 the f&;lowing ﬁédei is Eygposed. Thé

surface 1s again made oxygen deficlent due to high temperature,tfeatment

in a hydrogen atmosphere and silicon bonds are exposed on the surfdce.

¢ ’

If short range order exists in the silicon dioxide and tﬁe a&erage
. e )

silicon-silicon interatomic spacing is 3.1 R as measured by Pavlov and
Shitova,22 then it is reasonable to expect the surface to pave‘a typ;cal
conflguration of two exposed silicon atoms 5.1 3 a@aré with a third
exposed silicon.atom 3.1 R from the second atom, at an a?bitrary angle
from the line bé%ween the first two atoms but spaced not less than
3.1 2 from the first atom (see Fig. 16). This, of course, is the
configuration for any three adﬁacent silicon atoms and the configuration
is repeated again and agalin across the silicon dioxide surface. The
angle of the third atom changes from group to group. 'The density of
exposed silicon atoms, and hence, the density of the triads, will
increase as temperature inereases. Therefore, random distribution of
second neighbor silicon atoms as constrained above willl produce possible
bonding sites at all spacings bet*een 3.1 R and 6.2 3.

Figure 17 identifies the planar interatomic spacings of the (111),
(110), and (100) planes of silicon and table 6 lists the spacings with a

+15 per cent tolerance which is often considered maximum for orientated

overgrowth. This Ilnformation suggests that there are six different ways



Possible positions
of Second Near

Y;\\ieighbor
LY

Figure 16.- Locus of Possible Second Near Neighbor P051t10ns
in Amorphous Cristobalite.



Figure 17a.-

Planar Interatomic Spacing of (111) Silicon.
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Figure 17b.- Planar Interatomic Spacing of (110) Silicon.
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Figure 17c.-

Planar Interatomic Spacing of (100) Silicon.
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TABLE 6

-

INTERATOMIC DISTANCES (WITHIN: THE PLANE) FOR LOW INDEX
ORTENTATIONS OF SILICON |

d a + 15% a d:%-lé%‘ | .a a' 15%
@ SR NI R 0V
3.85 | 3.25 -4k |[3.85 | 3.25- h.k .5:65 3.25 - b.b
6.42 | 5.46 - 7.38 | k.5 3:8 - 5,% | 5;h5 b6 - 6.2

5435 | k6 - 6.2 . ©
5.0 | 5.0 ~ 6.8
6.65 5‘.65 - 7.65

I 7.05 6.0 - 8.1
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of fitting a (110) orientation on the short range order Si0, compared o
two each for the (111) and (100) orientations.

- Tt seems reasonable to expect that not only the number of ways
+0 make an orientated fit will contribute to the probability of & glven
orientation but that the léngth.along the third atom locus which falls
within ilé?;f the interatomic spacing will also contribute to the
orientation probability. That 1s, 1f the third silicon atom in the
triad is considered to lie at a -random position on tﬂe curve in
Figure 16, then the length along the curve which would accommodate a
certain orientation should be a relative probabllity of obtaining that
orientation.

The equation for the 1engﬁh aiong the %hird atom Tocus iél

S 2A {cos-‘ %—';&—'.?_——[) c.os cg_;? D}

S5 = distance along third atom locus which is w1thin 15 per cent ’

where:

~of the interatomic distance of a particular set”of BlliCOH atoms in a

particular orientation

A = average silicon-silicon interatomic épﬁcﬁng in thermal

silicon dloxide = 3.1 i.

d min = Interstomlc spacing (—15%) of the particular set of
silicon atoms referred to in the definltion of S.

o]
d min 2 3.1 A,



d max = Interatomic spacing (+E|:5%) of the particular set of -
silicon atoms referred to in the definition of S.

d max £ 6.2 2..

The lengths along the third ai‘:c:m locus ‘fo;r:' éach possible -

interatomic spacing is listed in table 7.

TABLE 7 '
LENGTH ALONG THE THIRD ATOM LOCUS FOR LOW INDEX ORTENTATEONS
OF SILICON I
(111) (110) 100}
S d s a
(o] o) ' 0
() () @ & | @ ()
5.83 | 2.86 | 3.85 | 2.86 | 3.83 2.86
6.42 6.1k | ks | 450 | 5.3 9.16
5.43 9.16
5.91 ’ 7.8%
6.65 © 5.28
7.05 | 3.10

The number of bonds needed fron; the surface silicon atoms to
induce a given orientation also needs to be congldered. Silicon planes
alined in a (110) orlentation have one bc;nd per atom going from one
plane to the next;vwhere as planes alined in elfher the (lll) or. (100)
orientations have two bonds per atom golng f'l’OI;U. one plane to the next

plane. That is, only the (110) orientation has adjacent atoms in the
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Plane. Since the model is based on a surface which is made oxygen
deficient due to hydrogen reduction at high temperatures, 1t is likely
that at the lower deposition temperatures there will be a higher density
of single exposed bonds than would -exist at the higher test temperatures.
Hence, in just considering the number of bonds needed for micleation
orientation the higher temperatures would be more conducive to (111)
and {100) orientations than to (110) orientations.

Hence, considering the lengths along the third atom position
curve and the number of ways of alining the various orientations, and
the temperature effects of freeing surface silicon bonds the‘following
* should be expected:

"1. (110) orientation at lower temperatures

2. (3110) .and (100) ofientations as temperature rises

3. Rendom orientation at very high temperatures

In crystalline, cristobalite the second si}iéén~silicop interﬁﬁ
atomic digtance is 5.03 K. Pavlov and Shiéov;ee did,not publish data
shovwing the eristobalite structure in thermal 8102 extendlng to three-
silicon atoms,but if the ' amorphous" 510, structure did extend past
near neighbors only, there would stlll be condiélons Tor nucleation

% 4

orientation. The gsme srgument ag before’ ?s u%ed'for the:productiqﬁ .
of free silicon bonds but now the interat;mi?,distaﬁc;s ?of the variogs:
. orientations are compared to a fixed 5.03-K instead- of po:all.poiﬁts

along the curve in Figure 16. Looking back at table 6, it is seen tﬁa@

there are now three ways to fit a (110) orientated nucleus on the
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surface, one way to f£it a (100) orientated nucleus on the surface and
no way to fit a (111) orientated nucleus.

This model still predicts a (110) orientated deposit at lower
temperatures and (110) and (100) orientations as. the temperature rises,
but it does not predict the emergence of (111) orientated growth. ITf
this model 1s correct. then the m:lclea.tion of (111) and other orientations
could start in disordered regions of the feduced silicon dloxide, Hence,
either model of the silicon dioxide surface ﬁroduces the‘séme qualitative

results.
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| APPENDIX I

1. PROPERTIES OF SILANE (SiH4)19’20

Silane is a colorless, pyrophoric gas which breaks down into its
elemental components at temperatures as low as 4oo° ¢.- There are no
corrosive byproducts in the pyrolytic reaction as shere afe in the
hydrogen reduction of silicon tetrachloride and trichlorosilane; that is,

T ¥

the basic reactions are

Silane, Sifj - Si + 2 H, - (1)

Silicon Tetrachloride, SiCIy + 2 Hp »8; + b HOL' , (2)
and

Trichlorosilane, SiHClz + Hy Sst+ 3HL X (3)

! L
The HC1 byproduct of reactions (2) &nd (3) is highly corrosifye,
v ~ LA 1 -

and in silicon on silicon epitaxial depoéition a net etching_méyzresgit.
Under clean ;aboratory conditions, the s;anﬂard gré&é of sii%ﬁe
is capable of producing silicon on sillcon epitaxial layers with a
reglstivity of better than 50 ohm-cm, which co;responds to a net
impurity doping level of the order of one part per 108 sllicon atoms,

The physical properties of silane are listed in table S.

57



TABLE &

PHYSTCAL PROPERTIES

Molecular weight . .

Specific volume at 70° F, 1 atm. . .

Boiling pbint at 1 atm.

* & e

Freezing point at 1 atm. ,

Density, gas at 20° ¢

.

Specific gravity, liquid at -185° G

+ Critleal tempersture
Critical pressure . .

Viscosity at 150 c ..

LY

58.

OF STTANEC
.. %210

12.1 cu ft/1b

.. -mnc

.o -185% ¢
1.44 g/1
©.65

.. k¢

.. 702.7 psia (B7.8 atm.)

. . 112.4 micropoise



APPENDTX TT
MATERIALS USED IN EXPERIMENTS

Gases, chemicals, and crystals, were all high quality semi conductor”
grade materials capable of being used in construction of semiconductor

devices. The materials used are listed below along with their primaxry

funetion, purity, and source.

TABLE 9
Ttem Function ?radeﬁq;l Source
impurity , |
*,
. 0.005 ohm-| Electronic
Silicon wafers Subs?rate for silicon | cm horon Materials, -
outside growth ‘
doped Incorporated
N .
. car % - o ¢ olm- Matheson Gas
Silane (Sth) Silicon depositiomn Zm Products
. Purified
Carrier gas for in liquid Government
Hydrogen (Hé) ‘gilane nitrogen stock
cold trap
Diluted in
5 E, 100 ppm |Matheson gas
Phosphine (PH;) | Doping gas {mpurities, |products
< 10 ppm
Nitric acid (a) Cleaning wafers Reagent Fisher Sei.
(HN03) (b) Silicon etch A.C.S. Co.
Hydrofluoriec {a) Oxide etching Reagent Fisher Sci.
acid (HF) (b) sSilicon etching A.C.S. Co.

29
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Iten Function Qrade.or Source
—_— impurity ———n
Glacial Acetic u s Reagent Fisher Seci.
acid (CHzCOOH) Silicon etching A.C.S. Co.
Ammonium Fluor- X . s Fisher Sei.
ide (NHhF) - Oxide etching ~ Certlfied Co.
Trichloro- Cleaning wafers Flectronic | Fisher Sei.
ethylene’ & grade Co.
Methanol ‘Cleaning wafers Spectro- Fisher Sei.
analyzed: Co.
(a) Oxygen source
for oxide
- process
Water (b) Cleaning Distilled &| 9 oti11
deionized
wafers
{c) Dissolving )
NH), ¥ '

W

* ; ‘. ‘
The resistivity of a semiconductor is not a true or exact indicator

of crystal purity, but it is an indicator of the net electrically
active impurity atoms. The résiéﬂivity\of pure,; intrinsie, silicon

has been calculated to:ge ap@réximatel& 230,000 ohmrcm,‘a£13000 X

and if one could start with pure'siiicon”and ada one boron atom for

-

every 108 (10u) silicon atoms the resistivity would drop to 50 ohm-cm
(0.005 ohm-cm). In practice, however, the resistivity of the silicon
sample 18 only z measure of the difference in number of p-type and

1]

n-type impurity atoms.
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