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The technical literature reports much data in the absorption of silicon in
the 8-12 spectral region. Unfortunately, the various authors did not report
on the method of preparing the silicon samples, the source of the silicon and
the chemical composition of the samples. There are ample data that shom
general trends of absorption but only a fes papers on quantitative camposition
of the sawples. The following general trends are reported:

o "oxygen free™ silicon has a weak lattice absorption

around 9/4.

o addition of oxygen results in strong absorption
at 94 caused by the oxygen at interstitial
sites.

o the method of crystal growth dramatically affects
oxygen content.

o0 low concentration oxygen crystals have the same
absorption whether single or polycrystalline.

o same authors have stated without proof that absorption
at 9/q is linear with the amount of oxygen
present in the crystal.

There are many other trends associated with silicon for non-optical

applications. These trends are not reported here.
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Hethods of Crvatal Growth va Oxveen Content
-I'
::S The technical literature has reported extensively om the methods for
_.:\ groxing silicon. These papers reveal that oxygen enters the silicon mainly
:; through the method of grouming the crystals. Two midely accepted methods ares
:: e pulled crystals from a melt using a quartz crucible
}; e floating zone method
’ There are variations in these two methods, such as rotating the crystal in the
::' pull method, that contaminate the samples wmith oxygen. As a reference, the
T
. E: pulled crystals have 1018 oxygen atoms/cm3 while the floating zone crystals
'.- have 1017 atoms/cm3. One paper! discusses absorption as a function of
-

crystal growth methods. In this paper and others coatrolled asounts of “"0,

~

170and180maddedaothattbeaeisotopescanbeusedformsurunents.

‘.I‘l"n"l Bt

o,

They do not significantly alter the overall absorption as seen fram an optics

L
P
v

application. The isotopes display their own resonances as the temperature is
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cS 4
1

‘Y S.\I'

lowered. Also, the strength of the resonances is proportional to the amount of

O

the isotope in the sample. Consider Fig. 1 (their figure 3).
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Fio. 3. The absomtion coeflicient of the 1106 cm™' band at
several temperatures for a ﬂutira-lone crystal containing uzygen
sarighed with 139 O** aand 1% 0.
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._
:d The sample was prepared by replacing 12X of the 160 with 180, This
o
: experiment and others like it showed that the isotopes had their own resonances
"
".‘ which were used to prove that the amount of oxygen in the sample was
L,

responsible for the strength of the absorption. Additionally, this paper

]

concluded that only one oxygen atam in the form Sij0, located interstitially,

»

vas responsible for the resonances. Unfortunately, this paper gave no

;" quantitative data on the number of oxygen atoms present in the samples.

g Oone paperz reports the quantitative content of oxygem in silicon and
B resulting absorptions. This paper uill be discussed in detail. The paper
, .‘, evaluates:

:_-3 e crystals grown from quartz crucible

e crystals growm from the floating zone technique
e single crystals

e polycrystaline samples

WSSOI NN Y
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The source of the siliom, method of growth, and absorption are given in the

j paper’s Table I.
v |
o Tasig 1. Absorplion cocflicient at 9u of ditTercut silicon samples.
- O —
Sample g andd Absoraon ceetl
No. Pregas ation® at Y mictons Remabes
' 104 FAU OC, N J2¢m ! 47 vhar em
" 13 I)l’ ") Joem? & vl cm )
. 08 I)P P 45cm ! 10 ohim em *“densi-
=0 ned siticon” g
~ 98 Fi,FZ, S 1.05 cn } 10 ohin cm
o 109 DP, K2, S 105 emt 38 ohin em
y 06 FU, P ~lbcm* Microcrystalling, as
e deposited on the
A tantalum wire
» 105 FM, FZ, P 105 cin ! Qriginally
ot 1.5 cm ! FZ w oxygen of 1
o mm Hg
X 85 be,c, r 42cm ! 20 ohm cm
1dom! Melted in vacuum
Az 84 DP,QC, P 42 cm! 20 ohm cm
9 P FZ, P tdemt Alter sveral FZ
) ]asses, 40 ohm em
[}
¢ . PP muiticon frum Dultont (zimc sedurtion processt. FA wsilicon (rum
Foote Mineral Company Uodide process). qc-nm..n o~ from guarts
53 cﬂmbk F2 mcrysinlilsed By fostiog ause techmgue, J mnagle crymal,
q P =polycrysalline.
o
'.
[}
.\‘
-
s 2. Kaiser, Keck, Lange, Phy Rev Vol 101, No 4, pg. 1264
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Before discussing this table consider the paper’s (Fig. 1).
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P L Misorption cocilicient of silicon at room temperature.
1 (sample 13) pulled from a quartz crucible, B (sample 109) pre-
pared by tloating zone technigue.

This figure shows the dramatic difference betxeen the absorption of a pulled
sample and a sample grown by the floating zone technique. The floating zone
sample (109) is a single crystal. Table I showus that sample (105) is a
polycrystal from the floating zone technique. The absorptions for the single
and polycrystal are the same.

Table I gives same interesting information on possible manufacturing
processes for crystal growth. Sample 85 grown from a quartz crucible gives an
absorption of 4.2 cm-t. Homever, if the sample is melted in a vacuum to
remove oxygen, the absorption drops to 1.3 cw~ 1. The point to be made is

that there may be less expensive manufacturing techniques for producing

acceptable samples.
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.l Table II of the paper gives the conceantration of oxygen in the samplest
o=
‘:\": Tasrz 1I. Comparison between the absorption coeibcieat at

o 9% and the oxygen content of silicon. For history of samples, see

..:_. T.bk l.

o

J.'c-‘ ’ Vicuum fusion Number of O-stoms

v Total . anslysis. Veacuum

. vrpie A Weml,  Gdn (el

< .‘. Sample ¢ at Op t d:; to ozygen ':o-y: .(tn":l tc-‘.‘)

s No. [ ) {em=1) X107 10 p el

"o s ) 108 B 31} 1.1 3

o ' 13 03 $2) 43 o3

‘\ N ™~ 3.2 2.2 | ¥ 1) 1.2 32

-~ as i 3 Hotd 100 .

—

Iy

o

-,\.

®

::ﬁ Sample 109 is a single crystal fram the floating zone technique. Its total
J“‘-"
'.r-‘_\: absorption is 1.05 em~ 1. The equipment used to measure the absorption was
-:{-’
""( not sensitive enocugh to measure the absorption due to small amounts of oxygen
n"\ contamination. At this point it can be assumed that the absorption ia due to
W

nle lattice vibrations. The number of atams is 2.7 x 1017 atoms/cw3.

\'.'\

»

.

B Therefore, as s starting point for specifying silicon for optical applicatioans,
o, the folloming statement is reasonable:

e
b Silicon for optical lens must contain no more than

:": 2.7 x 1017 oxygen atoma/ca3 or 3 x 104 per—

A,

\_\»{ centage weight of oxygen.

s .

: ! The paper states that absorption measurements at 9 provide a method for

W, B

." quantitative analysis of oxygen in silicon. The limit of detectability is

f_- approximately 1075 weight percent oxygen or 1016 oxygen atoms per cm3.
i,
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It is interesting to plot the absorptivity as a function of oxygem contentt

3 4 (3 8 lo 1 xi1o7

It is clearly shown that oxygen content is the major cause of absorption.
Whether or not the function is linear is not important for optical silicon.
What is important is that the content not go beyond 2.7 x 1017 atams/cm3.

The paper makes an attempt to determine the number of Si -’-0--51
oscillators in a sample. The theoretical calculations do approximate the
experimental data, but not close enough to specify optical material. The
theoretical expression is given here just to show what is involved in using an
absorption resonance curve to calculate the number of oscillators in the

sample.
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The folloming figure shoms the absorption resultss
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® The above data are interesting from the viempoint that the absorption is
-:'.'_j'. conaiderably belom 1% en~1. Otber data (Fig. 2) shou a higher of . Both sets
J‘:'I‘
:; of data claim the samples are “oxygen free™ or that lattice vibrations dominate
IN-'
N

-

the absorption. Yet the silicom mith 2X Ge has a smaller absorptiosn

[
v '

[y

coefficient. What is interesting about the 2X Ge samwples is that the expected

shift of Si - 0 - Ge molecules fram 9/4 to 11.1/4 was not ocbserved when

G
LR

absorption measurements were made at low temperatures. Apparently the addition

:::'.'_: of 2X GE simply lowered the absorption coefficient. This leaves same ]
N
v,
:-:.: "interesting questions unanswered.
f .':}':'
'.' 1. If 2% addition of Ge lowers the absorption coefficient from
b J'_-
,-:.:- B/qbo‘lZ/u,nould4SGe,&Ge...amGelaneritevenm?
g
::2, 2. Is it possible that a Si lens, mixed with a certain amount
)
Q.- of Ge, may be an acceptable lens and may be a substitute for Ge?
.-_:;: 3. What is the cost associated with growing silicon with Ge in
'_:':.j an oxygen free enviromment?
).a 4. What are the optical properties of Si-Ge lens?
: b ,
' |
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This integral is approximated with the folloming results

> 1‘\.
A
o g 3
( No = n . AC o H
S (nr+2)?  Ter T
o
XN
VL
v )
M where! oly = absorption coef for frequency V
LS
“:-:: A = reduced mass of the oscillator
) \~\
Pt @ = net electronic charge
&N N = refractive index
LS
R nax= absorption coefficient at the band maximum
:f“_ H = half width of the band
'_\:-:- In a qualitative sense, the higher and wider the absorption curve, the greater
e
:f- the number of oscillators.
oy
\ l

oy Silicon Doped with Germanium
) "'%.

,j: It has been established that the lattice vibrations at 9/« dominate the
! ;«.

" absorption in silicon when the oxygen content is below 107 atoms/cm3. 1Is
'_’:::‘_’. there any way to decrease the lattice contribution? A paper3 indicates that
',;_'*" a amall amount of Ge added to the Si decreases the lattice comtribution. What
bo
p :’-’-‘ happens is the Ge replaces sane of the Si atams in the lattice. The additional
\r: mass of the nesmly formed oscillator (and same other effects) shifts the

o

. . resonance fram 9u to 11.1m . Two samples were made with 2X Ge replacing
o

' i silicon atams. One sample contained 1.8 x 1018 atams/cm3 with 55x 180,
";: 43.5% 160, and 1.5 170. The other samwple mas an unsaturated oxygen
e
1w sample. No details of the content were given.
R

o

Y _

oy 3. Hrostowski and Alder Jour Chem Phy Vol 33 No 1 pg. 960

4,

L X 7

W

. . o rn P AP AL L ) ‘.5
* "‘ '..'0‘..l O l‘}!“‘ ‘1 .N.." ')- o ‘,'I '0.." .'0 RSAN .'0‘." ". 1L V’ g Tty l. KM |'0 c’l‘ '0 l‘i ..... . N At \'. LU0 e




Y TN T e T

A
RIS
KA
R YAY
o
1
N Cawearison of Silicon and Germapium
)
{:: Germaniue is an accepted material for tranmmission in the 8 - 12 region.
" If silicon transmission can equal or approach germanium it too would be
‘.::*_. accepted. Preliminary data indicate that Si will never be as good as Ge, but
e
*,
’,E? it may be acceptable for those applications where the lens thickness is small.
&
Y
‘{ Consider published data om the tranmmission of Ge.
' :::‘:
i
g
o Table 1
Recommended
- Recommended Maximum
-"' wavelength Theoretical Minimum Absorption
NS L8) Max, Trans, Tranemiggion
3 -‘-v [
N .
e 2.5 46.39 45,7 % 0.010 cm™!
A 3 46.60 45.9 0.010
® 4 46.80 46.1 0.010
yEA 5 46.88 46.2 0.010
~ 6 46.93 46.1 0.012
- 7 46,96 45.9 0.017
A 8 46.98 45.7 0.022
- 9 47.00 45,5 0.025
10 47.00 45.3 0.029
; 1 10.6 47.01 45,0 0.035
( 11 47.01 4.9 0.037
S8 12 47.02 37.6 0.179
T 13 47.02 38.1 0.169
-y 14 47.03 38.6 0.158
..\-.
:-:‘:~
- Shown for comparison are theoretical maximum transmissions bLased on reflection losses only.
AP
‘ The recawnended transmission in the 8 -~ 12/4 region is about 44X for a 1 cm
oy
ot
\f,-» thick sample. If a Si application can approach this transmission it should be
xR
'\:: acceptable.
oA
..f The literature gives an expression for transmission as a function of
AN
- absorption coefficient.
S
s
—_Jontexp(= 2d)

- (‘nu)" -(m-nt exp (-3ad)
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where transmission coef

[

thickness

s
e,

index of refraction .

o~
P
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Using this expression to calculate transmission of Si for n = 3.42, the

P4
L,

(AN .';'i A
Il

folloming table can be used to campare Si to Ge.

+
[

-
'.I'
\J. .
0
* ..

_:Z:-.j'.- Transuission of Si (X)

&

o d(mN(cn"‘) 1.0 0.8 0.6 0.4 0.2
::::;. 3 ( 37 40 43 46 9

\ 5 30 33 3 12 47

e 10 18 21 27 a3 42

e

%

It can be seen that for a 3 mm thick sample, an o = 0.8 cm~! is probably good
:f enough. For a 5 ras sample o 7% 0.5 cm~' is probably good enough. For a 1 cm
_:::'_':j thick sample & % 0.3 cm~! is probably good emough.

( Referring to the published data an o for Si, Fig. 2 shous an

"~ .

average oA 7o 0.8 em~l. For Si doped with 2X Ge, the average « is close to

2

0.7 em~'. Based on the theoretical calculation the folloming conclusions can

.

.
y N

[ RSURE R NS

be made:

»
?\l‘." o .

For 3 mm applications - "oxygen free™ Si is acceptable

I3
.

@,
o

“'
[

For 5 mm applications -~ Si with 2X Ge is borderline

RO
[ ».', .’,‘

e
‘\J\J'. e"‘f

o'y

For 10 mm applications - Si may not be an acceptable material

for high performance systems
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: -%'.'_’;-“. Results

S N

~_::-j. 1. The absorption band in Si at 9/‘ is due to both oxygen contamination and
" intrinsic lattice vibrations of the Si-0-Si molecule.
{ ¢
2. The oxygen contanimation component can be minimized by restricting the
:::—.:f oxygen content in a S1 sample to 2 x 1017 oxygen atoms/ce3

- ® The average value of the absorption coefficient is about

\

- 0.8 cm~1
e
:,.:_. over the 8/“ to 12/“ region
LV F 3. The addition of 2X Ge to a Si sample lomered the intrinsic absorption to
o about a = 0.7 cm” !

.'::i:-_ over the 8/( to 12/'“ region

o

L

A Conclusions

1. The absorption in Silicon for the 6/," to 12}& region depends on the amount
of oxygen contamination in the sample and on the intrinsic or lattice
’_:_.j- vibrations of the sample.
(.-
" 2. The oxygen contamination camponent can be eliminated if the total number of
B, -, o
.- e .
‘, g oxygen atams/cm3 does not exceed 2 x ‘1017

_-,.‘:_. As a starting point sgpecification for optical
i .:\‘,,:
o silicon, the silicon should have no more

v ' T o -

S than 2 x 1017 oxygen atams per cm3

o

.r.‘_’.'t 3. There is same evidence that controlled amcunts of Germanium added to thé
N::.r silicon reduces the intrinsic abaorption at 9/4 .

I-

L) .1:/‘ -

-';f 4. Si may be substituted for Ge for thin lens applicatioms.

5

’_"',\ 5. Si doped with Ge may be a suitable substitute for Ge for many applicatioms .
Py
2
o

..

’:::::

.»":

r,‘:- 11

~

1]

0o

A

.rt:

Y A A R A e N S A Y

T D NN S AR R RS 1 8



AR A N e W R
IatelatainIndsininlel

“w




