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SECTION 1
TNTRODYCTION

The Air Force Yright Aevenautical Laboratories Materials lLabhoratorv is
currentlv conducting research tn develop semiconductor materials for use in advanced
infrared detector systems and improved electronic devices. An important part of
this research i< the characterization of the electrical and optical properties of
various semiconducting materials, in particular silicon and gallium arsenide, One
nf the optical characterization techniques used is low temperature Fourier Transform
Tnfrared (FTIR) absorption spectroscopy. The low temperature absorption of infrared
radiation by impurities or dopants in these semicnnducting materials produces a
unique excitation spectrum (References 1,?). This excitation spectrum is used to
identify what impurities are present in the material and to measure the
concentration of these impurities, It is these impurities which ultimately
Aetermine the operating limitations of an infrared detector or electronic device,

A typical ahsorption spectrum resulting from a shallow acceptor impurity in
extrinsic cilicon is shown in Fig. 1. The series of 10 or more peaks is due to the
rhotoexcitation nf the allowed electronic transitions associated with an acceptor
atom in silicon (Reference 3), The spectral position of these peaks identifies the
particular impuritv. To determine the impuritv concentration the peak area of one
of the stronc excitation peaks is used (References 4,5). Complications arise in
accuratelv determinina the impuritv concentration when the absorption sample
measured is less than l-mm thick. For thin ahsarption samples optical channeling
rffects are superimposed on the excitation spectra as shown in Fiq., ?, This effect
distorts the calculated peak areas. Optical channeling is pronduced by the coherent
{i.e., inphase) multiple internal reflections from the plane-parallel faces of an
nptically thin, double-side polished wafer,

Mne method for reducing optical channelinag is to have the sample polished to a
wedge shape <o that the front and back surfaces are no longer parallel. However,
since the samples are thin the deqree of wedgina is limited and therefore does not
completely eliminate the channeling effects., An alternative method is tn eliminate
the channeling from the recorded data through computer modeling. To implement this
method a theoretical mnde! for coherent scattering effects, or optical rhannelina,
had tn be developed, The thenretical model developed in this report was based nn
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finding a mathematical expression for coherent scattering effects and then
determining how to combine this formula and the analogous incnherent scatteripg

formula to best transfarm the actual spectral data.




SCCTION 1
THEORY

"n ahsnrption spectroscopy the intensity of the transmitted radiation (1) is
proportional to the intensity of the incident radiation (T,). For a sample of
thickness d, the relationship hetween the incident and transmitted intensities is

aiven by
1oy e (1)

vhere a0 i< the absorption coefficient, The ahsorption coefficient is defined as the
roelative rate of decrease in Tight intensitv alona its propagation path. Fouation 1
does not take into account the multiple internal reflections that can occur in some
samples. The equation for trarcmittance (T) in the presence of these reflections is

aiven by

I ?A-?ad ()

where R is the roflectivity of the sample interfaces (Reference 6). This equation
acsumes that the reflected Tiaht was incoherently scattered from the sample
interfaces. In practice, this equation is solved for the ahsorption coefficient
vince, according to Reer's Taw, it is proportional to the concentration of ahsorhing
centers in ‘he material, The solution for the absorption coefficient expressed in

terms ot d, R, and T ic

n

?TR’

ro1-mAar’r? 137 _(1ry’ (3)

To determine the impurityv rconcentration in a semiceonducting material the
transmittance of the material is measured versus wavelength, The absorption
roefficient is calculated using this transmittance data, along with values for the
reflactivity and sample thickness. The peak area of a strong impurity excitation
Tine is then caleulated from the absorption corfficient spectrum. This peak area

rultiplied hy a calibration factor gives the impurity concentration (Reference 5).




The above pracedure works well wher no aptical channeline nccurs., The
transmittance equation assumes that the reflected Tight i< incnherently <cattered
from the sample interfaces. Rut when the Tight is coherently <cattered, a< it ig in
thin samples with parallel faces, this transmittance rquation i< no longer accurate,
Fxact cquations for the transmittance in *he presence of only coherent scattering
can he fourd in textbanks by both Heavens (Reterence 7Y and Rorn and Unlfe

[Reference £), The transmittance equation given bv Heavenc g

1ﬁnnn1n")r=’ad
T = —
A+Ro_?ad+29-adl@cns(4nnd/A\+ﬂ§in(4nnd/A3] (A
where A = F(n+n()\")*k?]['n+n1)?+k?1
A "0
Fo= T{n-ny) +k" Mn-n )V +k 7
- ] -
PRI R R I

€ = -In -ng tk Vin -n +k' Y+4k ™M

? 2?7 ? 2 .?

D = ?knl(n ~ng +k )+?kn0(n -n 4k )

and "y is the index nf refraction of the firct medium, n, is the indev of refraction

of the third medium, n-ik is the index of the sample, an; X is the wavelength. Bnth
limiting cases, completely coherent and completelv incnherert scatterina, can he
represented by the simple multiple-scattering rav diacram of Fig. 3. For the
completely coherent case (i.e., the sample has perfectly planc-parallel sides and i
homoqgeneous on a scale equal tn the incident wavelenqth) the electric field vector
is partially reflected and partially transmitted at each interface. For the
completely incoherent case (i.e., the <amnle has rough or nonparallel sides and
internal imperfectinps on 2 scale equal to the wavelength) the incident intencity
may he considered partiallv retlected and transmitted at the interfaces, T either
rase, linear abhsorption in the sample i< ancluded by concidering the wavenumber in
the <ample to be a complex quantity, 2nln-ik)/2 The ahsarption cocfficient iy then

aiven by

A os =2 Im {2 (n-ikd /Y = Auk/ ) - 20k (5)
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where vy is the wavenumbher in air.

An exact inversion of equation 4 to solve for the ahsorption coeffirient, foy
completely coherent scatterinag, proves to be impossible since it is a transcendental
equation, A paper bv Manifacier, Gasiot and Fillard (Reference 9) suaqests several

appreximations which will allow the formula ta be inverted. The approximaticns used

are
) 2
k <<(n-n“)’ . (630
2 ?
K™ << (n—n.l) . (b
? ’ \
k'-'<(n—nn\(n-nl) (hc)
o ) D72
3 1a - : - \
and 4k "M {n "n Y(n n . (6d)
The transmittance equation then sinplifies to
7 .
16n.n.,n"e ad
T = n'l
= o -
C]?+C7'o ’ad+?C]C?9 1dcns’-’l-;rnd/)\\ (7)

vhere C, = (n+nn)(n+nl)
and C? = (n-nn\(nl—n).

This eauation is then inverted to ohtain an expressinn for the ahsoyption

coefficient in the presence of caherent scattering, The recnlt is

n
1 : ?C?‘T
a p—-J—, n - — -
d N 2. 2.01/2 . i o
[(?C1C7T0056 =160 nqn ) -Ac, Cy' 7 1T C1C,Tcos0 -"6n nyn Y | (8)
where 9 = (4und/)). This equation was used for the computer modeling nf optical

channeling effects.

For Group 111 acceptors in silicon, conditions (6a'-(Rd) are well satisfied for
roncentrations of the order of 10]6 atom%/cm3 or less., Taking My = My 1 and n =
3.4 (the refractive index of air and =ilicon respectivelv), conditions (ha)-(fe)

reduce to k?/518<u1, while cnnditiep (6d) becomes k7/?0--], The relevant wavenumher




varqge is from 20NN cm'l to aheut 1200 CW-] in our case, and the ahsorption
coofficient coldom exceeds 20N rm'] even for the stronaest praks (Referonce NV <o

) N
¥ Aal70 0 0 R0 and B /RIR L AN S

nothe cane of oallium arsenide, canditions f6a)-{Rd) are also well satisfied

for the cpoectral reaions cencidered in this veport, Taking n = 3,67, the conditinn

1

2]
te be caticfind i k /6,86 -1, The maximum absorption occurs at v = 440 cm

4

, where
a =27 ecn ! (Figure 15), so k = 0.0307 and k%/6.86 = 1.4x10™".




STCTION [T
APPLTCATIOY OF THE MOREL TN INFALT/N DATA

To test the usefulrecs nf the absorptian rocf! “icieont equation & derived in
section 1T two sets of idealized trancrmittance data were developed, Rath cots wore
nhtained ysina eavation 4 to caleculate trarceittance in the preserce of cnherent
srattering for the wvevelenath ranae of 370 vw~T ta I]N rm>’ and 4 sample thicknese

(2}

of 008 cm.  Tp the first data et a ronctant ahsarption canfficient of cm—T wa ©
used for the calculation. Tn the second data set a Lorent>3.n peab was <uperimpaccd
ni the constant ahsorption coerfficient . The torentrian peak <bape corres;onded to
line 2 of the excited <tate spoectrum of indigpn-cdoped <1'icorn, aswuring o

R
16 atoms/em |

concentration of ahout 7 x 10
The first <et of idealired transmittance was trans€armed te abisorption
coefficient usina both equations 3 and B, Mote that equation 3 i< the ore currentlv
heing used in the laboratory to calculate absorption coefficient from the
sxperimentally meacured transmittance, T[iqure 4 shows the ahsarption con€ficiente
caleulated using eouation & are much mnre accurste in the presence of cebrorent
ccattoring than those calculated usina equation 3. However, the al.sorption

roefficients determined bv equation 8 are nnt quite the constant value o rm"]

that was assumed in generatinag the idea? trapnsmittance data,  'hen the ahcorptian
coefficient scale i< expanded, as in Fiq, &, <small ascillations abaout thic cnnqiant
value are apparent, These oscillations evidently ariwe from the approximations used
in ¢ktaining equation 8, hut are neqgliaqible compared to the noice rormally present

in experimental data,

To see the effects of these calculatinns on spectral Tine shapes, the second
<et 0f ideal transmittance data was transformed using hoth equations, The
ahsarption coefficient calculated for a Lorentzian peak using equation ? i chown in
Fia. 6. The graph shows bnth the given ahsorption coefficient and the calculated
absnrn*inn coefficient, Ue can see that the calculated values oscillate about the
7iven values and follow the Lorentzian <hape eonly in a qgeneral wav, Ficure 7 Shows
the absorption roetficient calculated for the cecond ideal data <et uysina ecquation
. Again, this araph shows hoth the given and caleylated values for the abcorption
coeffirient. This time the trancformation iq <o clnue ta the qgiven data that the

two curves appear identical, Pased np these tects eauation R appes ed o be quite

10




*(BuL49 430§ Juduoyuy; ¥ uoLjenby
Fq pue (DULAS33BIS JUIUIYUIUL) & UULIENDY AQ €}ey 4udLItyydu)
QU 3d40SQY JURISLUD JU UOLJRWMOSSURLY Iy} 3V uosiaedwu) *p unbyy

(~wd) SHIBWNN JAYM

00'¢8E 0008¢ 00'8.¢ 009.¢ 00'v. 00¢c.it 000.¢ 00'89¢
»L*F-..-L-.-.P».-P\.th-h.-rsnlbkbrklb.b

T

ﬁ

k4

ﬁ

f

#

guogenby o !

guogendby :

000

11

(1-wd) IN3H44300 NOILJHOSEAY




"9 €05 paputdr, ue uu DULAIL eIy sududyly. Y U0 4END 4
>AL B4y +udidiys9duy (LTGQLCML_,.. SR Luuy 3u LU ¢ 4 BUAU ; SuPu Ty duluL

(1-W3) HIGWNN IAVM

00°28¢ 00°08€ 00°8.€ 009/¢€ 00V.E  002LE 0006 00'89€
R Y ) T U | o oI\
0166
S
0566 =
” 3
i = o
-06'66. &
, A
Y ¥
m |
- 0£°008 m
[ »
3
- 0L008
b
1
guojenby o [

01108

III||L



0028t

*jedd URLZjuoguau]
LBULDLAQ 944 Y4 ¢ UUL4RNDT Ay ‘eaky 4udtdl,390) uv L 4dausyy
UL Yjkdg UBLZIUBAU | € 30 UULJRUWMUZSURU, dYs sV LLS Lurdwo)

(1-wd) YIBWNN 3AVM

Yy oullu. 4

00'08¢ 00'8.¢ 009.¢ 00v.E 00¢.LE 000.¢ 00 89¢€
2 St 1 N " " " 1 " " Y 1 P G PO D S " " 1 " PR " L " 2 a2 a °°-°
b
h
- 00
!
f
- 008
:
s
0021
|
- 0091
I
Nead UBIZUSI0T v [
¢ uonendby o [
0002

(1-wd) IN3INI3300 NOILLJHOSEY

13




00'¢8¢

' ARIY URLIJUIAUT] | RULDLAY Uye U4 Y HULL,END4
NG AED] U2 Z4UddO ] ¥ ;U LOL4BwdIySuba) dy,s »9 UOSLARUWU)  *p duNDig

(1-Ww2) HIGWNN IAYM

00'08¢ 00'8.¢ 00'9.¢ 00v.iE 00'¢.E 000.t 00'89¢
»’»._.b'-r_.r>>kih|..F.-k.».~L.>>L’Pr>.QO.O
b
ﬁ
1
ﬁoc.op
[
-00°¢CL
~00vL
[
0091
¥eaq ueIZjudIo v !
g uonenby o f
- 0081

(,-wd) LN3IN43300 NOILJHOSAY

14




adeauate for calculatina accurate ahsorption coefficients in the presence of optical

rhanneling due to coherent scatterinag.
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SECTION TV
APPLICATION OF THE MODEL TO ACTBAL DATA

The next step was to applv the ccherert scattering absarption coe‘ficient
calculation to actual transmittance data taken in the lahoratary to <ee if the
optical channeling effects could be vemoved, A transmittance spectrur. was digitized
and used as data for the absorption coefficient caleculatione. First the incoherent
scat*tering ecuation (Eg. 3) was used tn calculate a tvpical absorption coefficient
spectrum. This spectrum showed the effects of cptical charneling oo expected. MNext
the coherent scattering equatior {Fq. £) was applied tn the aata, The peried and
phase of the eocuation had tn be adiusted tn fit the period and phace of the
transmittance data. The resulting ahsorpticn coefficiirt cprctrum was not very
aoed.  The spectrum still had oecillations superimpased on the backqround and there
were even some nedative values. This noor result for the coherent ccattering
equation is probablv because the sample did not have perfectlv parallel, {1at <ides

and thus did not evhibit perfectly coherent scattering,

A comparison nf the spectrum ohtained from the coherent and incoherent
srat*oring ralculatinne <hnwed that the two spectra cscillate out of pha<e ahout a
constant value, Since the oscillations were nut of phoce, it seened possihle that o
combination of the twr <cattering mechanisms would more nearly approxirate a
constant., The phvsical juctification for thic would he that while a sarple daoes nat
axbihit perfectly coherenrt scattering it also is not perfectly incoherert ccattering
either, The sample would probably exhibit both effects depending vpon how pariallel
and flat the faces are., To comhine the two scatftering mechanisms, A Tinear
comhination nf the two previous ahsorption coefficient eauations was uscd,  The new

pquation is given hv
a('.ﬂ\ EE 4 fs((n) + (1-)(\ R(m) (0)

where A is the ccherent scattering absorption coefficient, R 5« *‘he incohorent

']\. The value of x

scattering absorpticon coefficient and « is the wavenumbher [cn
rould he varied to determine what percentaqge of coherent and incohervent <cattering
would produce a nearly constant absorption cocfficient, Visual inspection of the

roherent and incoherent scattering spectra gave an eqtimate of 337 for v, He spe

16




that in Fio, ], this value for x results in an absorption coefficient spectrum that

<hoye less necillatjon than the two previous calculations,

The new linearized ahsorption coefficient calculation worked well over a
Timited vange but progressively worsened aver an extended ranage of wavenumhers, lle
c1rarly sen *hic in Fia., 9 where the ranar nf data is larger than for Fig, 8. The
rause n€ the deterinoration is the charge in the period of the channeling
nscillations as the wavenumbher chanaes, Thenreticallv the neriod n¥ the
nscillations should change and these chanaec can be predicted, However, the
thearetical predictione do not match preciselv the perind on the experimental data,
To deal with this probler, the computer proaram for ahsorption coefficient was
revised, The revised proaram continually determined the period in the transmittance
dita by comparina data roints to tind successive maxima. The proaram then used this
perind in the cquation to transform the transmittance data to absorption
coefficient. Comparina Fiq. 10 to Fia, 11 shows that continually readjusting the
perind re<ults in an absorption cnefficient that is more constant, Fiqure 17 shows

how thic reviged pragrom warks well over a larger range,

The ppxt innmrovement to *he proqgrart was to eliminate the need to deternine the
weiahting factor fx) bv vicua® inspection, The program was revised to compare the
magnitude of the oscillationg in the ahsorption coefficient calculated by the
coherent «catterina equation to those calculated by the incoherent scattering
rquation, The weighting factor was determined hv averaqing over all such
nscillatiaons. To minimize the chance that the program would interpret a3 spectral
peak as one n¥ those spuricus oscillations, the standard deviatinn of the average
was determined,  Then o new average was computed using onlv those magnitudes within
rne standard deviation, The weighting factor determined by this method was
surprisingly close to the one determined by visual inspectinn. For example, for the
sample shown in Fiq. £ throuah ! the visual estimate was 33%. The weiqhtina factor
detarmined by computer averaaing the <ize of the oscillations was 35% and by using
enly those values within one standard deviation was 3R%, The results were similarly
close for other samples, Fiqure 17 shows that the general shape and Tocation of
spectral peaks remains unchanged by this method. thile the weighting factor did not
vary sianifican’ly over the ranae of wavenumhers investiqated, it did vary
considerahly from sample to sample., The minimum value was R% and the maximum was
7.
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SECTIOM v

COMPARTSOMN OF THFE MONFI 7O OTHER METHONS

T addition te the computer program developed in this report, there are two
tortran proarare, (Reference 11) included in the spectrometer's software that are
desiqned te eliminate channeline from the spectral data. Unlike our program, these
programs modify the interfercaram, beforr it is fourier transformed into a spectrum,
to eViminate channeling. These proqrams are based on the assumption that channeling
will appear irn the wings of the interferngram as a glitch and therefore can be
easilv edited from the data, (See Figs. 13 and 14.) To compare these different
methods, one particularlv <*yong channelinag sample was analyzed bv all three

proaqrapms,

Firet the transmittance data wac analvzed with the computer proaram developed
in this report, The result< are shown in Fig. 15, The ahsorption coefficient
spectra obtained kv using both the incoherent and the coherent scatterina equations
are shown a< well as the result obtained by ucina a linear combination nf 717
ccherent and 26Y incoherent scattering., The lincar combination method provides a
significant improvement in the spectrum. Next a program called FRINGELIM was
tested.  This prearam has three ways to edit a glitch, due to charneling, in the

interfernoaram, The glitch may be

. vreplaced hv a straiaht line connectina the end ponints of the remaining

interforogram,

?. replaced hy another <ection of the same interferoqram, or

3. replaced by the sare sectior of a reference interferngram,

A1 three of the akove operations were performed for each glitch identified in the
interferogram. The most sionificant glitch nccurred hetween wavepoints 3350 and
3600, as seen in Fige, 13 and 14, The absorption coefficient spectra nbtained from
these nndified interferoaran were compared to a <pectrum obtained withou* using
FRINCELIM at all, The results are seen in Fiq, 16, For the alitch between
wavepoints 3380 and 3600, that was edited from the interferoqram, no improvement is

seen, In fact the channeling, or frinaing, is worse. The program called STNERURST
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ARBITRARY UNITS

Fiqure 13,
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A Plot of a Complete Tnterferogram Showing the Gliteh that
Oecurred Dut in the Tings of the Data,
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was 1isa tested ta see if 3t could remove chanpelina,  Tn this program, <imilar to
FRINCELIM D there are tyo optinng tor editinag ali*ches in the interfeveqram,  The

aptipng gre

,oreplace the caction with the alitch hy data points all equal to 7era, or

)

replace *ha section hy another <octinn ot the <ame interferoqran,

For comparison, the same qliteh that was edited by FRINGFLIM wac chnson Ter
edtting hyv STDFRIPST - The results fnr SIDFRIPST are chown 1n Tig, 17, Onee agair
there is no imprevement in the spectrum,  This procedure wan reprated tov rther
alitches and nther cections of the interforogram but the resylte wove cpbotartinlly
the same, Tt 1< <till pnssihle that the SINERHRST and FRINGFL I proarame, v be
used to improve spectra, but it requires knowino exactlv which gliteh to odit,
Netermining which alitch is significart will take a lot ut practice and

exprrimentation.
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CECTION VI
FONCTHSTONS AND RECOMMEMAAT TONS

N the metheds tosted te eliminate optical charprelina, the computer proaram
developed based cn coherent scatterina in the sample was the moct successful . As
Fig, Y5 <howerd, this computer proaram did <ignificantly redure the chanrd 1ine
rf¥ncts on the absorption coefficient spectrum, The mivec «cattering program
recduced the maonitude of the oscillations by about a factor of 5. However, this
nrecrart was only used over <small wavenumber reqginnce <o its ysefulrness for an entire
cpectrum (4,000 0 200 cm']) still needs *to he tested, “mall wavernymber reaiene
were used because the transmittance data was digitized by band fror recorded
cpectra,  In arder to handle laras spectral reaions the troramittance data shoula ke
directly accessed from the laboratorv computer data file. Thic capahility did not

eyict at the time of this work,

The scattering program should d4lso he tested for a laraer variety o camples,
Ne noted above the coherent weighting factor veried considerably for the “ew samples
*hat were used in this study. The relationship hetween the weighting fictor and
physical properties of the samples should he investigated. A wejahtina “actor study
could reveal which sample properties, besides thirkness, are the nnst cvitical tn

contral ir crder to reduce coherert <cattering,

RPut perhaps the most sianificant step to make at this point ic to add the mixed
coherent/incoherent scattering program to the data acauisition system's ~nalvsis
routine, At precent the ahsorption cnefficient calculation used take< into account
onlv incoherent scattering within the sample. Thic calculation is insufficient for
thin samples with parallel faces that exhibit optical channeling. For these
samples, there should be the option of calculating the ahsorption coefficiont
<pectrum with the mixed coherent/incoherent scattering equation, [ thic repart has
Aerernstrated, most of the channeling effects can he eliminated “rom the spectrum
with the use of thic eouation. This step would nnt be ditficult to “rplepent since
A new fortran applications progqram can easilv he added to the data acouisition

syetem snftware,
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