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ABSTRACT

The optical absorption 1i'ne“lsl - 2p, at the absorption
© spectrum of arsenic doped silicon has been studied for various arsenic

concentrations at four temperatures. The concentrations are .9 x 1019 cmf3,

1.7 x 10%° em3, 4.0 x 10%% em3 and 1.5 x 1016 cn~?

, the temperatures

are 4.2°k, 539K, 77°K,.and'90°K. Spectrometer broadening was accounted |
for in the observed line-widths. There was observed two temperature
independent broadening mechanisms, concentration and strain broadening.

Two temperature dependént broadening mechanisms were observed, phonon
broadening and the statistical Stark effect. The five. broadening mechanisms
are believed to account for the total line-width throﬁgh the use of

the Voigt analysis half-breadth. method. | ' .

A shift of the peak position with temperature was noted . and _

a possible explanation presented.
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CHAPTER 1

INTRODUCTION

The electron (holes), associated with the unionized group III
(group V) impurities in silicon, are optically active. These electrons
(holes) will absorb photons in the far.infrared region of the electro-
magnetic spectrum, in making transitions to excited states. The absorption
spectrum,thus obfained, resembles in many respects the absorption spectrum
of a hydrogen atom imbedded in a dielectric medium.

Investigétions of the absorption line-widths in boron doped-
-silicon have been carried out previously (E. Burstein et al 1956, K.
| Colbow'l963). Broadening of the line-width was observed and found to be
temperature - and impurityxconcentration dependent. It has now been
observed that the spectral line-widths of arsenic-doped silicon exhibit
similar effects. The line broadening is also temperature and concentration
dependent. It is fbund that the analysis of the line-width broadening
~ can be-performed in a mammer analagous to that proposed by K. Colbow
(1963) for boron-doped silicon absorptien lines.

In Chapter I, Section III the effect of finite spectrometer
slits is discussed and shown to contribute to the broadening,of the
observed absorption lines. This is called spectrometer broadening. The
effect of the lattice vibrations on the electronic states léads to a
"lifetime effect" (Nishikawa and Barrie 1962), which contributes to the~
broadening. This effect is discussed in Chapter III, Section V, but
fails to explain the rapid rise in half-width with temperature. The
theory of statistical Stark broadening (X. Colbow 1963) is employed to

explain the rapid rise in half-width (Chapter II, Section II) with



temperature. The theory of the statistical Stark broadening (K. Colbow
1963) is employed to explain the rapid rise in half;width (Chapter III
Section IT) with temperature. There are two broadening mechanisms,
which are assumed to be temperature independent, viz., concentration
broadening, énd strain broadening. The concentration broadening is due
to the interaction of neighbouring impurities, and the strain broadening
is due to the removal of crystal symmetry by dislocations in the crystal.
The theory of W. Baltensperger (1953) is used to describe the:concentration
broadening (Chapter III, Section 3). The strain broadening is explained
in Chapter IIT, Section 4.

Besides, broadening of fhe absorption line-width a shift of
the centre of the peak with temperature was observed. These results

will be presented in Chapter III Section. 6.



 GiptER 1

i:mmhpparatns and Experimental Procedure

A model 83 Perkin»Elmer spectrometer, refitted nith a Bausch and
Lomb grating, was used to disperse the radiation from a globar source. The
grating has thirty grooves per'millimeterzand‘is blazed at thirty microns
in the first order. The theoretical linear dispersionvat the exit slits

‘was calculatedlto be 0.12 microns per'millimeter.. Experimentally, the
.resolution of the instrument'was observed to be 0.3 microns for one milli-~
meter slits. Second or hlgher order radiation was limited to less than
three per cent of the total 51gna1 strength by using sooted mirrors and
restrahlen plates of lithium fluorlde ~ Light from the globar was chopped
at 13_cycLes/sec before the entrance slit of the monochromator. R thermo-
-coupleﬂdéteétorrwastuSéd;ﬂ’The amplified signal was displayed on a Brown-
strip—chart recorder.

The spectrometer was calibrated with reference to the known atmospheric
water vapour absorption spectrum. Data for the water vapour spectrum was.
taken'from'L; R.Biaineeﬂ:al 1962. During an experiment' the spectrometer
was flushed with dry nitrogen gas to remove the absorptlon of the atmospherlc
water vapour

A metal dewar, designed for mounting two samples, was used to coeol

the samples : Elther sample  could be placed in the llght path of the
spectrometer by a nlnety degree rotation of the sample mount '~ The dewar
con81sted of an outer llqu1d nitrogen Facket and an inner helium contalner
to which the sample mount was attached The llght beam passed through |
pOrts of cesium iodide, which could be removed to allow mounting of the

samples.



A wire saw was used to cut samples from silicon ingots of different
arsenic dopihgs. The samples were polished with carborundum abrasive of
successively finer grades; the lubricant used was-water. A final mirror
like finish was:obtained by using a cloth covered polishing wheel and a
0.2 micron aluminum oxide suspension in water as the abrasive.

In preparation for a run, the samples were cleaned in a degreasing
solution agitated by an ultrasonic viabrator. The final wash was in |
alcohol. A mixture of silver dust and Apiezon grease was used to make
thermal contact to the copper sample mount. The samples were clamped
in place carefully to avoid strains. An intrinsic and a doped sample were
‘mounted for the ?urpose.of measuring their relative absorption, from which
the absorption coefficient of the doped sample could be determined.

The concentration of the arsenic impurity was determined by room
tempefature resistivity measurements. The resistivitieé (and corresponding
eoncenfrations'of the arsenic impurity) of the five samples used are 0.410-
em. (1.5 X 1016/cc), 1.3 ~em. (4 x 101%/cc.), 2.8 a1 —em (1.7 x 10%5/cc),
s5-cm. (.9 x 1015/ce), and 1,3000-cm. (intrinsic). The thickness
of the samples varied from .5 cm. for the Sfu-cm. sample to .003 cm. for
the 0.41..-cm. sample.

The following liquids at their boiling poings'werevused as
coolants; helium 4.29K, nitrogen 779K, and oxygen 90°K. A temperature of
53 i 39K was achieved by pumping on the liquid nitrogen.

The absorption, due to the 1sy - 2p, (Figure 1) transition in
arsenic-doped silicon, was studied for the f@ur'concentrations and at
the four temperatures aforementioned. The abéorption in the doped sample

was -measured relative to the absorption in the intrinsic sample.



Energy - Conduction Band State
Mev :
0.
1.2 Spt
1.9 4pt, Sp,
2.9 3pt
3.6 4po
5.2 - 3Po
1 - 2pt
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14.1 /\
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30.9 1sg
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FIG. 1. Energy level diagram for arsenic doped-silicon. Theoretical

' predictions due to Kohn and Luttinger. Experimental results
are due to Bichard and Giles 1962, except for the lsg, 1sg
due to P. Ottensmeyer (unpublished) The 2§ states are
predicted to lie below the 2p, state from experimental
evidence.



2. ‘Calculation of the Absorption Coefficient

In general, when interference effects can be ﬁeglected; the
fractional transmission of monochromatic radiation of wave number k through
a‘specimen.of thickness d and surface reflectivity R is

(T.S. Moss 1959)

T — (1 - R) éxg(-o\d) T | 1I-1
| 1= R* exp (-2«d) »

where & = o (k) is the absorption coefficient at wave number k. For an

intrinsic sample (& = o' in the range of k of interest), the transmission

becomes

2
T = (I-R) T1-2
°© (1 -R*) - |
Hence, the transmission of a doped sample relative to that of an intrinsic
sample is given by

1T _ (1’-R2)ex£(-o<d) . s
o | —R2exp(-2=d)

The surface reflectivify, R was assumed to be fhe same for both the intrinsic
and the arsenic-doped silicon. For the intrinsié sample, using Eq. (II-2),

a value of 0.31 ¥ 0.03 was determined for the reflectivity. This agrees
with the value obtained by Bichard and Giles (1962). Within.experimental
error the reflectivity remained constant over the energy and temperature
range studied. Using this value of feflectivity and Eq. (II-3), the graphs
of absorption coefficient versus energy of Fig. (2) were obtained for the

1sy - 2po transition.



3.0

Absorption Coefficient (em™1)

3.5

2.

2.

L
94

5

0

=
o

(]

4,20K

53X

770K

L

415 42,0
FIG.2(a).The observed18;-2p

: ‘ -3
42,5 43  (x 10 ev.)
§Sabsorption of the arsenic-doped silcon,
impurity concentration.9x1015/ce, - ‘ ' '




5.0

(emly

ficient
)
o

ption Coef

Absor
L
o

1.0

. 415 42,0
FIG.2(b). The observedlsl
- impurity concentration

7xl g

42,5 - . .43.0 (on Sew)
bsorption of the arsenic-doped silicon,

/ee,



16.

Absorption Coefficient (cmrl)

15,
14,
I3.
I2. (
11

Io0.

e ——
| o - 5K o
—— -~
| —
o ——
i —
| —
p—— . g
| —
— ]
| —
— -
| —]
B |

]

I | l

41,5 42.0 | 42:5 43,0 (xI0%ev.)
FIG,2(c). The observed /8;-Zp, ) gabsorption of the- arsenic-doped silicon,

impurity concentration 4.0%T0 “/cc.



Absorption Coefficient (cm‘I)

40 T

w
o

(a4
(=]

Io

10

4.2%
530k
90°K
u B
- |
I | | ' |

4.5 42,0 42.5 43,0 (xI0"ev.)

FIG.2(d). The observed /s,-2p,’ absorption of the arsenic-doped silicon,
impurity concentration I.5xI0¥6/cc,



It should be noted that for some concentrations the 53°K absorption
peak has a higher absorption coefficient than the 4.20K peak. This arises
-due to the-electrons, thermally populating the excited stétes, being excited
to the-conduction‘band, and giving rise to a constant absorption background
for the energy range studied. . The absorption cross section for the excited
states is found to be of the order of 10-15 cm2,-consistent Qith the above

interpretation.

3. Spectrometer Broadening

. The true shape of fhe impurity absorption lines is broadened
. by specfrometer broadening. This is due to the finite width of the spectro-
meter slits; and is accounted for in tﬁe following discussion.

The profile of an absorption line, broadened by two independent

effects, is expressed by the convolution integral (Hnsdld 1955)

§oo = S Fex-p ey dy. | II-4

Here £'(x) and £''(x) are the profiles that the line would assume if only
one of the broadening effects was present. All functions f(x), f'(x), and
f''(x) denote intensities, and x is the distance from the centre 6f the line
in terms of frequency or wavenumber.

If the profiles £'(x) and £''(x) can be approximated by Gaussian

fuhgtions, then by Eq. (II-4) f(x) is a ‘Gausstan: of the form,

fooy = ée'

x¥/ @k
II-5
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. ' / 4
where C and (3; are constants. The parameters @, , 8,  , and Bz are

related by the equation,
w R

2 ,
622 = (32/ + BZ- 1I-6

The half-widths for Gaussian functions are equal to 1.665 8z and satisfy
a similar relation.
Similarly for the funetions £ (x), £ (x) fitted by Lorentzian

functions, f(x) will have the form,

= C | 1I-7
§<X) / + rl/B/z

i / 4
. where C and @&, are constants. The parameters 8, , @/ , and B

are related by the equation,

(3)/. = B~ 8" ' 11-8

The half-widths, which for Lorentzian functions afe equal to 2 5, R
satisfy a similar relation.

lTo obtain the specfrometer slit function f'(x) the two water
vapour absdrption lines at 315.03 cm‘-'l. and 335.16 cm‘l were used. On
‘extrapolation to zero slit width the two water vapour absorption lines
were found to have zero half-width. The observed broadéning of these
lines, due to the finite Sl];.t width of 1.0 mm, is the spéctrometer slit,-
function. All runs were done with a 1.0 mm slit:width. The slit funétion
at 344 cm-l’ the position of the 1sy - 2p, absorption line, was obtained

by extrapo.lation of the data at 315 em~! and 335 cm™L,
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The observed absorption line profiles of the arsenic-doped
silicon and the profiles of the water vapour absorption were fouﬁd to be
neifher Lorentzian nor Gaussian; consequently, they were fitted to a Voigt
:fuﬁction (H,C. Van de Hulst aﬁd J.J.M. Regsinick). These functions are
defined as the convolution integral between a Géussian and Lorentzian
functioﬁ. They may be used to fit any profile @ﬁieh lies between a
Lorentzian and a Gaussian curve. If the obsefved'line_shape»and the
spectrometer slit function ére bﬁth taken to bé:Voiét functions,-tﬁen,
the truejliné profile is also a Voigt function Eq. (11—4).

One-mé§ thus write,

the observed line shape

el = 9/8)"] _
Foo= Mf/*[(xy)/ﬁ] P I1-9

the slit function

= Lp_uy_—._/ 671 g 1110
JC(JO Mj/+[<x y)/B, g5 »1:10
the true line shape

oo

4 : 7\ .
_ " expl-(Y/62)14d
)C (I)—— /\7— - 'E(x-y)/B/J" 2 _ . vII—ll

where M, M', and M'' are constants. The Voigt function parameters B,

~ and é%l 'satisfy the relations,

f /. %

B = B"*E, ' | II-12
22 PN

B; = E;/ * B | | | T1-13
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The parameters for the slit function and the observed line shape were
‘calculated using the tables of H. C. Van de Hulst and J.J.M. Reesinick
(K. Colbow, Ph.D. thesis 1962)

The parameteré for the two water vapour absorption lines-were
the same within gxperi@ental error, |
B’ = .o60* .01 X 0.020 * .005 I1-14
Hence, these were the parameters used for the slit function at 344 cm™L,
To obtain the parameters for the true line shape, one must use the relations,
Eq. (II-12) and Eq. (II-13). The values of thefparametef .ngz ' fbr:the

/7 2

-observed line shapes were within error the same as , giving a

v 2 . 7
/3; equal to zero. Thus, the true line shape in.all cases is pure

Lorentzian, and its half-width may be obtained from the relationm,

hHo= 25,//2 2(B-87) 5 ' ' : _IIA-15

which-accounfs for the spectxometer broadening. In Fig. 3 the temperature
-dependence of the true-absorption liné half-widths is givén for %éﬁr ' |
impurity concentrations. The mean of the-two-curVes-With impurity concentra-
tions of 1.7 x 1015 em—3 and 9.0 x 1014'(Fig. 3) will be referred tqias
corfesponding to an impurity concentration of 1.0 x 1015 cﬁ'3, in the

following analysis'of broadenihg.
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FIG,3. The temperature dependence of the true absorption line (IS7-2P;)
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concentration(extrapolated).
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CHAPTER ITI

1. Introduction to Analysis of Broadening

It is proposed that there are four specific mechanisms which
broaden the~absorption lineS»bf'arsenic;dqped silicon; concentration
broadening, due to the presence of neighbouring arsenic impuritdes; phonon
broadening, introduced through phonon-electron interaction; strain broédening,
caused by dislocations modifying the crystal structure; and, statistical
- Stark broadening produced by the electric field set up at -unionized impurity
‘sites by ionized imburities.

In‘ofder to éeparate the magnitude of each of the- above effects,
the following assumptions are made. Each mechanism is assumed independent
of any other. The line shape proéuced by each of the four interactibnslis
assumed to be Lorentzian. Under tﬁese~assUmptions, simple‘additiqp of these
~contributing half-widths will give the half—width of the true line shape
(Eq. II-4, II-13).

To obtain the phonon and strain broaaening contribufion, the
 half-widths'f0r'each temperafufe7were;extrapolated to zero concentration of
impurities (Fig. 4). The values éf half-width. at zero concentrationvrepresent
only the strain and phonon broadening. The liné width at zero éoncentration
is that attributed to‘thywone impurity atom. Hence, the statistical
Stark broeadening and concentration broadening is zero, since, they both
depend‘on the effect of ﬁany impurity atoms. In Fig; 5, a plot of zero
éoncentratibn half—widths Versus~temperatUre‘is given. The¢stréin broadening

.is assumed temperature and impurity concentration independent and is
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represented by a dashed line. This is explaihedAin section 4. The
‘remaining‘temperature'dependent broadening, due to:electron—phonon
interaction is explained in section 5.

To obtain the concentration and statistical Stark broadeniné,
the phonon and strain broadening (zero»concentration half-widths) coﬁ—
tribution to the true half-width were subtracted. The remaining half-
width versus temperature (Fig. 6) represents statistidal Stark'and con-
‘centration broadening. At 09K (Fig. 6), the half-width for a gi§en
impurity concentration is due only-to cqncenfration broadening; since,
there are no ionized impurities at 09K, hence no statistical Stark effect.
‘The concentration broadéning haif—width is assumed temperature.iindependent
éndbis represented by a dashed line. Concentration broadening is explained
in section 3. The remaining half-width due tojthe stétistical Stark

-effect is now explainéd.,

2. Statistical Stark Brbadening

(i) Effect of Ionized Impurities

A seﬁicOnductor with a réndom distribution 6f Ni.ioﬁized and'
Np - Ni neqtral donor impurities per cm3 will have an electric field
at an absofpiné neutral impurity site dependent on the number and position
of the surrounding ionized impurities. Broadening of the resultant
absorpfipn lineé'may thus bé caused by first oraer Stark_spiitting ér
second order Stark shifts. | |

Let us suppose that the distribution of intensity of absorption

for one neutral impurity which is in an electric field F is given by I(F,w );
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then in order to obtain the total intensity distribution in the Stark.
§ broadened line one-must,integrate over:all such distributionsAweighted

by.tne probability of the distribution occuring

T(ew)dw = dwf I(Fw) W(F)dF Cma

‘Here W(F) is the field strength probability function which Has been
studied by Holtsmark (1919, 1924) and others in connection with gravitational
probléms and‘pressnre in gas. Each component of the statistically Stark
broadened absorption line‘will beltreated as a sharp iine I(F,w ) will
be replaced by a delta funct1on and thus W(F) will glve d1rect1y the line
shape I{ & w ) due to statlstlcdlStark broadening.
The problemis finding the probability of a freqnency displacement
L w ‘lying between & oo and AW +daw . As ;)ustlfled by K Colbow,
(Ph. D Thesis 1962) Only the upper level in the transition w1ll be: con31deredv
as dlsplaced elther by the linear or quadratlc Stark effect. |
Now the probability of a certain frequency dlsplacement due to
tﬁe surroundingdimpurities is related to the probability ‘of a certain
eleetrib field at the absorbing impurity>“ ThiS'depends on the probability
of finding another 1mpur1ty at a dlstance T from the absorblng impurity.
Slnce I(P w ) in Eq. (III—l) is taken to be a delta functlon the probability
functlon for a frequency dlsplacement between ABCA) and aw +daw will
glve‘dlrectly the desired line shape'of the absorptlon llne.
The proBabilrty function for a frequency dieplacement using the

- simple approximation of considering only the effect of the nearest ionized
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* neighbour to a neutral impurity site was shown by Konrad Colbow (1962)

to be : | |
for a linear Stark splitting (aw=3sF Awe=s5 K )
) ’ . o - . 3/2 N ) » | .
[(awy = rf-. (.%Aw)(awo/aw) exp[—(awo/-awf/’:\ III-2

for a quadratlc Stark shift (aw = fF Al = 'tFo )

I (;Aw') = I'i‘% (34 aw)(a we/& wf/ye xp[(aw./a ‘”53/‘/] I8

Here the field at the neutral impurity site is given by F'= (e/ sre Yro

and t and s are both constants. The field at the»mean;spa01ng r, defined

by o | |
(47/3)r = Y | III-4
is given by - ' ' |
=(e/9re)rs® III-S

Por the linear Stark splitting two peaks corresponding to positive
aﬁdunegarive s are obtained from Eq. II-2. Depending on the-specific'energy
level structure, rhe t associated with quadraric Stark shift can be~éither
poéitive-or‘negative for any given.energy level. This nearest‘neighbour
approximation is the binary form of the Holtsmark theory.

VIn‘the»WOrk»of Holtsmark (1919, 1924) and others fﬁé inténsity
'distribution due to fhe-co-operative»effect of many ions has been obtainéd.
Review. artlcles on this field have been written by Chandrasekhar (1943),
Breene Jr. (1957), and Margeneau and Lewis 1959).

' The field F-at the‘neutral impurity site is written as the véétor
sum . of the fields ‘of the. many ionized 1mpur1t1es surrounding it |

N / < Fal III-6
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The distribution function W(F) calculation is carried out in a configuration
space of 3N dimensions.

Holtsmark obtains the function :
W(@)— 2(2/#8)fvsmvexf>[ V/é) ]d R

/377 8*(1- 04636%+0/227 8 i) @ small

I

~3/a

1996 B71 45107 874/ 49367 +++) @ arse

vhere B = F/F%

In the Binary theory Py was defined by

£ :-(e/f/ms)/“; = (e/yre) [yr/3ne]" ITI-8
Lo » 240(6/6/7_6)/1/2/3

The many ion calculation gives nearly the same parameter.

/3 | '
/%:;2‘6/(@/7776) /Vé L e o - -9

(ii) The Effect of Screening.

When the érystal.contains Ni ionized impurities per-cm3, there
will also be an équal number n = Nj of free electrons, the influence of
which has been neglected so far. ‘The freevélectroﬁs screen the electric
field of the ibnized‘impurittesséen by the neutral impﬁrities.' The - effect
of these free electrons may be'approximated by using a screened coulqmb |

- potential of the form

7 o - . . o
U= (e/9mre)Le” ‘ o IT-10
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Here ’lis~the Debye-Hlickel (1923) screening length. In classical statistics
272 ' - —

= [ kT/é’iThe 1" o III-11

k being the Boltzmann constant
leferentlatmg the expression for U in Eq. (III-lO) one - obtalns

the s'cr_eened coulomb field
F = (er/smr) T

This replaces the-simple'coulomb field in the nearest neighbour approximation.
Using ‘the same approach as Ecker (1957) to simplify the problem, T has
been approximated by |
~ [eFjymer’® o r<k | I11-13
o 2N PN
Ecker has calculated the: field distribution W( 8 ) Fig. 7 which is applicable
to a‘nelit’ral impurity site for various screening parameters d . The screening
parameter, bemg related to A by |
(5/77—7\/3)/\/ /5 7~ (AT/ez) "
III-14
has the physiecal meaning ofi giving the number of ionized impuritieswithin
fhe Debye radius. As A goes to infinity Ecker's curve for d” =co becomes
Holtsmark's distribution. . From these curves one can obtain ,the‘haif—width
h ( 8 ) of the.field distribution for various screening parameﬁexsv Jd .
These have .-been obtained in Fig. 8. The dependence of screening“ parameter, d ,
on temperat\ire for' th‘re.é concentrations of impurities is shom in Fig. 9.

The'S'cre.en‘ing parameter was calculated using Eq. (III-14) and Fig. 10,
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FIG.7. Field distribution, W(B) for various values of the screening parameter d. (Eéker 1957) .
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FIG.I0. Distribution of electrons among (a) the ground state, (b) the
conduction band, and (c) the excited states. The arsenic concentrations
are I) I.0xT0I5cm-3, 2) 4.0xT0L5ecm-3, and 3)I.5xT0l6cm-3.
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which describes the variation of n with temperature and impurity concentration.

(iii) Témperature Dependence of the Half-width due to the Linear -and the

VQuadratié Stark Effect.
Por;the linear Stark‘effect
Aw=sF = sF, B | III-15
and hence in units of frequency, the half width of I( AW ) is given by
: ) }n'{Aw): S Fo h(8) - | 11I-16
Por‘thé quadratic Stark effect
Aw= tF = tFRE* o

‘and hence in units of frequency, the half-width of I( A¢o ) is given by

/7,\.(A‘w) =t Rh(B) 111418

Taking for silicon the dielectric constant eg/eo = 12 one finds using
Eq. III-9 | | |
' A 2/3 -2, % P

Fo= 2e6/1(e/4776)N." = 3:/13 % /0 _/V‘ vort e 111-19
-where Nj is in‘uﬁité of em=3,

Using Eg. iII-(16, 18, 19) and Fig. 8 and 9 the curves for
h1(aw)/s and “ho( Aw )/t as a function of temperature for three impurity
concentrations have been calculated (Fig. 11 and Fig. 12). This temperature

dependence must be éomparéd with the temperature dependence of the half-

-width of the observed statistical Stark broadening (Fig. 6)'1f.isbseen that
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the quadratic étarkveffecth'temperature'dependenceocompares more fayorably,
with the observed than,does the linearfStark.effect's.. |

it should be:noted:that only qualitatiye'comparisons-can he‘made,
due.to uncertainty,in the ualidity of'the-extrapolation of the;screening
parameter & (Fig. 8). ;It is assumed that the h (8) obtained through the
.eitrapolation does notﬁdeviate'mucthrom the true value of h ( B ).

It is'interesting to make one-quantitative'comparison The
experimentally observed statistical Stark broadening increases in the
ratio of 13 3 M 11 fOr respectively the concentrations l b 1015, 4 x 1015
‘and 1. 5 x 1016 1mpur1t1es/cc at 759K, The theoretical .curves of statisticai |
Stark broadening yield: the 1ncrease in the ratio of 1: 1 8:3; 0 for the
linear Stark- effect and 1:3.2:9, 4 for the quadratlc Stark effect” under the
same‘conditions. ' This again 1nd1cates that the quadratic Stark effect is
respon31b1e for the statistical Stark broadening

Since.the-effectivermass Hamiltonian is,invariant‘under‘inversion
and.there are'no,accidental degeneracies such as the 2g, 2p degeneraciesl
_in'hydrogen, the’first order Stark effect vanishes. However, the full |
Hamiltonian'of the ‘impurity probiém has only tetrahedrai symmetry and'is
' 5notvinvariant’under inversion. As a result, if the effective mass theory
- is seriously in error, states belonging to the representations Tl, Tz
: and [ 8 can have an apprec1able first order Stark effect. This might
poss1bly be of 81gnif1cance only for the acceptor ground state ([’ 8)
in silicon (Kohn 1957). Hence one can say, Qng_the basis of theory,and'
the observed experinental evidence that only the‘ouadraticbstark broadening
occurs in the broadening of donor 1mpur1ty levels due to the statistical Stark’

effect T
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3. Concentration- Broadening

For lo&vimpufity concentrations the'impurity electron wave functions

of oné impurity atom are net affecéed by the,prese#ce-of other impurity
atoms. However, above a éertain impurity concentration the‘wavefunctions
over;ap.app¥eciabléy‘forming impurity bands. Baltensperger (1953) has
predicted thé-concéntﬁgtions for theiformation of these bands.

| For computing the‘edgeé of'the 1s, 2g and 2p bands, Baltenspefger
‘used a simple hydrogenic model in conjunction with the cellular method.
The medium ié\cﬁaracferized by the effective mass m* of a conduction
electron, and by the dielectric~constantﬁK. This inQoives assuming the:

validity of the'effective mass Schroedinger equation
(K2 + (€Y/Kr +ENT = © TII-20
within a sphere of radius rg related to the density of impurities Np by

3 " :
#7/3)rs"= 1 /Np ' o I1I-21

The general solution of Eq. III-20 has the form

117711@=R1J(P) Pem(00) o II1-22

‘the hydrogen eigenfunctions. The energy is given by

En= -mref/2 KK n? = -e*/aKan? ~ III-23
Q

_ where, in the-cellﬁlar-method, n  is to be determined by boundary conditionms.
a" is the effective Bohr radius.
Since, with increasing impurity concentration,‘the‘zp\wavefhnctions'

overlap before the 1g wavefunctions do (Fig. 13) the conéentration broadening
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PIG.I3. Broadening:of the h§dfogénic‘levels vs. distance between impurities in units of the
effective Bohr radius a* . (Baltensperger 1953).
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of the transition studiéd will‘begin at the concentration for: which the
'2p wavefunctions overlap. Baltensperger (Fig. 13) gives the onset of 2p

concentration broadening, as occuring at

rs =/2a* N III-24

Using the observed ionization energy of 11.1 mev, (Bichard and
Giles 1962), K = 12 for silicon, and n = 2 in Eq. (III-23), a value of a*
for'thé 2p Bohr orbits was found to be 13A°. From Eq. (III-24) and
Eq. (III-21), the onset of concentration broadening occursvat an impurity

3

~concentration of 6 x 1016 cm=3. If one had calculated a® from

a’= # /e’ IT1-25

the value now obtained for the gritical coﬁéentration would be greater
than 6 i 1016:cm-3; The observed onset of concentration broadening occured
between concentrations of S x lO15 em=3 and 1 x 1010 cm=3 (Fig. 6) which
is in closer agreement with tﬂe former theoreticai estimate. The latter
method, for calculating é* , was not used since it did not lead to the
correct-ioniéation energiés;

| Baiténsperger assumes that the impuritieé'form»avregular clo§e
bpacked lattice, to facilitate his calculations. A more ;easonabie'arrange—
fmenf of the impuritiesvmight be a random one. K; Colbow (1963) has shown
that a random:airangement.of impurities-decreasés the effective radius by
a factor of 0.7, Alsq’ihithiSicase the-critical concentration becomes

2 x 1016 cm'3, in better agreement with the observations.
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4, Strain Broadening

Fot arseﬁic-doped silicon therptically active-excited levels
belong to the vector represéntation T, of the tetrahedrél group. They are
threefold degenerate in the absense of strains. For a shear strain s,
atisiqg~from internal dislocations, the degeneracy}of the levels are split
© (Kohn 1957) by an amount
AE=se o  III-26
_Hence S 1s the shear strain anq € the shear deformation potential of

81llcon The shear strain is glven by Kohn as

= ()% 0% cm., 11I-27
where n is the dislocation density per-cmZ2. |
Fot the ground state the first order shift vanﬂéhes from.general‘
symmetry'considerations The second order energy shift 1s»g1ven by |
JEY= -5 E/A - II1-28
where A = 10~3 ev (Kohn 1957). ‘
| The silicon used has a dislocation density of 5'x 104Igiving
rise to a strain of 2 x 1076, Using a shear deformation pﬁtential talculated
‘ to be 11 11 (Wllson D.XK. and Peher 1961), glves a splitting of 12 x 106 ew.
and a negligble ground state shift. The. strain broadening will be of the
order of..022-mev. Tth value was subtracted from the zero concentratlon

half-width. The remainder is due to phonon broadening.
5. Phonon Broadening

Consider the electron of a hydrogen-like impurity atom, being

excited from theiground state o to an excited state 8 . This electron may



return directly to the ground state by radlatlng a photon However, there
is a probabllity that the: electron can be excited to another state?\'by
the absorption or emission of a phonon, and return to the ground state via
phonon-emission.  This mode of dé—excitation decreages'the lifetime of the
excited state e ,'and hence contributes to the energy half-width. This.
is called phonon broadening. |

| The theory of Nishikawa (1962) gives the zero phonon half—width

broadening of an excited state B due to another .excited’x state A" as

vt Teoh.
Awy= (€%Yv*? aJo'Hr)ym[leea(?;f l ]% =y XX /; :TZZTi

where 111-29
387\“' ,Tg - -,J a /ﬁv III—'E;;O
‘ | .
= (e °'/ T I) | I1I-31
and

Te =RV Yen / Q*_ k III-32

is theacharacteriStic temperature, above:which the half-width starts
increasing"

-t

R T l
- - —
967\(22)—./d1" F@Cr) Fa®) e s ' - III-33
F(?) beinvg the-eigenfunction of fhe unperturbed electronic Hamiltonian,
which will be approximated by simple hydrogenic functions.

The other parameters have the following'meaningﬁ

11

wave number vector of the phonon

il

sound velocity in silicon = 8. 3 x lO5 ¢m sec -1

deformatlon potentlal constant = 15 ev

-3

‘density of silicon = 2.33 g cm™

x S m < o
"

Boltzmann's constant = 1.38 x 10710 erg deg'l
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Forbthe,transition studied, the ground-statebsilifetime is long
compared to thefexcited‘statets lifetime;vallowing one.to neglect‘the»grOund
statets contribution to the half-width. It is seen fromfPig. i4, that the
half—width ‘of the isi-'2po transition starts increasing at‘a temperature:of g
25 + SOK, . Prom Eq. (III—29 30, 31, and 32) this phonon broadening can be
' attributed to a state 1y1ng 3 mev below the 2p, state. Neither an experl— B
-mentally-observed iine, nor a theoretically predicted 1ine;11es in this
region. It is predicted from'the'effective-mass ‘theory (Kohn_1957) that
| a 2s state lies 2-1 mev above the-ZHSState The same theory. predicts the 1s
state to lie at 2911 mev; whereas the 1s state has been: observed to lie
at 53,5 mev, a depression of 24 5 mev. Corrections to theAeffective-mass
theory have been made by Kohn (1957), whlch depress the 1s level to agree
~with the observed energy It 1s~proposed that if the same:coxrection
’ were'applled to the 2s state, a depression of approximately 5.1 mev wOuld
be-reasoﬂable.-:Consequently, the 2s level;blyingns mev below the 2p, 1e§e1
would be'in.agreement with experiment and theory. For'the purpose of
simplicity, the 2s1, 2s9, and 2S3 are considered as a six fold degenerate
2s state at 14 1 mev, _

From Eq (III—3O 32) the critical temperatures associated with
- the excited states 2pt (ll 1 mev) and 2s (14.1 mev) are. respectively 269K
‘and 58°K, All other states start contributing at higher temperatures. In
Fig. 14 the: calculated contrlbutions of the 2s and 29_ states to the half-
width of the 1lsy = 2pq trans1t10n are:plotted vs temperature The sum of
these: contributions is in qualitatlve agreement with the observed results to
80°K, At 80°K the multiphenon processes and the higher- exc1ted states
contribute to the“observed'half—width Qualltatlve agreement between the

“theoyry" of Nishikawa and the results is good
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broadening removed represents, the phonon broadening of the
1s1- 2p, absorption line. The 2s’and 2p, contributions are
given from- theory :
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6. Température Dependence of Line Position

A shift of the centre of the peak with temperature to higher energies
| v
’was observed The results indicated that the shift was concentration
ndependent over the 1mpurity concentration range.9 x 1015 to 4 x 1015 o3

15 cm‘3 1.7 x 10ls em™3 and

The shift for each concentration {.9 x 10
4.0 x 1015 cm“3)was determined relative to the peak p031t10n observed at
4,29 for the three temperatures, 53°K, 77°K, and 900K (Fig. 15). It is .
assumed that the 4.2°K peak.position is ind%pendent of the‘impurity concentra-
‘tion. To minimize the possibility of any errors in the.observéd shift
for one impurity concentration, consecutive runs at the four temperatures
Qere carried out under identicai sonditions.:

| A possible explanation of the temperature dependent shift of

peak position might be contained in the electron-phonon interaction as

given in the ‘theory of NishikaWé and Barrie (1962).



Shift in peak position PTOK - P4R0K (mev) 

.09

.08

. 07

.06

.05

.02

.01

0

.04 -

41

FIG. 15. Shift of peak position with tempefature relative to the position
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- CHAPTER IV
Concluslon )

lThe study of the arsenic-doped‘silicon line widths, carried out
in this thesis, show that four effects contribute significantly-to the trﬁe’"
half-widths after line distortion by the finite spectrometer slit: w1dth is
accounted for. The four effects, contrlbutlng 31gn1flcantly to the half—
widths, are,_statlstlcal Stark broadening, phonon broadenlng, concentratlon
broadening, and broadening due to internal strains. To the approximation
that the absorption lines (corrected for spectrometer - broadenlng) have |
lorentzlan profiles, the half-widths are just the-sums of the widths for the
four.lndependent broadenlng mechanisms when each is considered by itself.

In a semiconductor, containing a randoh”cistribution of neutral

_and‘ ionized. impurities, dlfferent absorbing: impurities:wilinBe in different»
,electricifields due to the surrounding‘ionized impuritiee. 'from'thedry:
(Koﬁn 1957)thesé:fie1&SW(P) should be expected to give rise to appreciable
second-order Stark shifts ( §2 € = ¢ ‘FZ')' of the excited states, rfes,ultihg
in a broadening of the total absorption lines. The contribution to tﬁeﬁ_
halfawidth'from this effect was obtained from a‘kncwledge of‘the field = »
strength probebility function‘WGP) Ecker (1957) computed W(F) 1nclud1ng:
.the effect. of screening by mobile charge carriers. From -an extrapolatlon‘
of hls results and the calculated temperature dependence of the 1onlzed

1mpur1ty-concentrat10n, the‘calculated quadratic Stark broadening was

“shown to be'characteristicvof the rapid rise of the halffwidth-above.SOOKr
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At very low impufity.concehtrations,_an‘essential'contribution
to the half-width is expected to result from the finite lifetime of the
]

excited state due to the electron-phonon interactions. Theoretical calculations

show that the half-width fbr-thisvpr0cess is given by

bo b (1= )

The calculated valué-ofﬁ° depends - on the choicgiof tﬁeichéracteristic
temper;ture TE! The best -agreement between this theory and the data was
obtained for Te = 26°K and A% = 7.0 x 10-5 ev; For these values the theory
suggests that the.lifetime-of'the étafe fesponsible for the absorption line
is mostly influenced by a sfate‘about 3.0 x 10~3 ev.below it. For this
L feason the 2§ state, which is theoretically'prédicted‘to be 2.3 mev aboyé
fhe12po state?vis bglievea to‘lie 8.0»xf10‘3:ev below the ZPo_state.» Af“
higher teﬁperatures, the 2s state doesn't fuily‘aéCOunf for the phonon
broa@ening. The electron-phonon interaction of theAOthér-excifed staéésﬂ
andvtﬁe~muitipﬁonqn prpcessés are believed to contribute to broadehing at
.‘higHef'tehperatufes.

| Iﬁ additioh, an assumed temperature independent contributibn
to thé hélf—ﬁidth.of:2.2 x 10~5 ev can be eipected from internal strains due
to dislqcafionsf (corresponding to a diglocation:density of about 5 x 104
dislocation line$ per cm2). | |
- A'celluiar calcuiation, when modified to fit the assumption of
a random'diséribution of impurities, gives aﬁrorder of magnitude estimater
forlthe-onset of cbncehtratiqn broadening at low tempgratures. Broadéning of
a Zp‘state'is:predicted to start at about 2 x 1016 impurities per em3, if

one replaces the-meaq spacing ( Tg ) between impurities by an effective

L,
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mean spacing of 0, 7 ‘v, and takes a" equal to 13 °A Thie value’ of a®
gives the experlmental b1nd1ng energy of 11.1 x 10”3 ev for this state.

A concentration indppendent shift in peak pos1t10n to higher
energies was observed with increa51ng temperature It is proposed that the
-electron-~phonon interactlon con31dered in the theory of Nishikawa and
Barrie (1962) to explain phonon broadening, could possibly account for this
shift, if the temperature dependent electron-phonon interaction matrix-

'elements were: evaluated (Thls will be presented in a forth comlng paper

in C J P.).
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Appendix A: Distribution of Electrons for an N Type Semiconductor.

In order to calculate the eleqtron distribution we assume that
fhe;ﬁumber of'acceptoi impﬁrifies and free-holes is negligible. There are
Nb donor impurities and each impurity can‘aécept one electron of either
'spiﬁ or no electron at all. |

The density of electrons (Shifriﬁ‘l944) in energy stateq is

given by |
ve Mg xp{ (B KTI)17E 30 expllB)NT]  ax
| ané the density of free carriers is given by
Mg = /VC'eX/D(r‘(fFI-é_C)/’éT | | o | " A-2(a)
=/14,/_/fg 2s exp(tx -E}‘)./,é?' A-2(b)
assuming that (Ep -vliic})/KT' >> 1. For ‘n < 6.4 N, ‘for A-2(a) |

.(Smith 1958) this approximation holds, as in the éaée for calculations ini
thié'thesis. EF is the Fermi level, E, is the energy of the lowest level
in the'cbnductioh band, E q is the q th energy level of the impurity
spectrum, 4q. is the degenéfaqyiof thg wlth;level, Ee is thé-energy of
the lowest level in the conduction band ; -~ u

~ The density of states in the conduction band Ne is given by -

Ne = 2omfom, Mc K7 (2MkT)* g
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where the energy surfaces in silicon are described by ellipsoids  of
revolution, with effective electron masses being my andtﬂT . M, is the
number of equivaient minima in the conduction band.

To calculate nf, we eliminate . 95 e XP[(](‘E_g')/kT] between

A-2(b) and A-I obtaining
Ny = Mo g exP[(EF—[i)/kd/%/mf A4
= g 9y expl (Fr~£4) /KT ]
From .'A—Z(ja') e 7(/0/5,.-/,477 = /Wf//%)éx/o(é/k 7')

(77f//1/c) f; CXP[(EC f%//é7_] A-5

- Since | Z’>77+'7’>.f-/vp‘

7t 2 gy enpl- by ATIerplE K TI+eng =Mty 2O o

Take Eqx = o as origin and solving for nf

0 = N NHAIANE g5 erpl GGIRTT
_.7)]'(2 Zqiex,o[—fi/kv

We now know the number of free caridéers.

The bound electrons will be given by.

= 2 773 /]./D ' A-8
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For the excited states, Boltzmann statistics also apply in the temperature
range used ( > 60°K. - ).
The probability that a state at an energy Eq and of degéneracy Qq is

occupied at temperature‘T is

| /32 = 472 ex/o[f';/aé 7/ A-9
Summing over‘ all bound states that are occupied, vgives
g/_)s =‘/‘?§?sex/o[£'__g/k7j= / o A-10
therefore, , B o _
Py = gaexplly/kT]
S gsexplE/ATT - A
and : : _ -
7 = 92 37/0[52/’%7-7'. 74 A-12
3 9s explEs/A7T
The series expansion was limited to a few terms. The unwanted terms were
_eliminated through the criteria’ |

: 77;)2 2g>z
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