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1. INTRODUCTION AND OBJECTIVES

Sources cof coherent infrared radiation, such as the 13,6 micro-
meter laser, have become increasingly important in systems. Conseguently
there is a need to find improved techniques for beam control and image or
signal processing. For example, there is a liguid crystal cell, but not
at present an optical spatial lignt modulator (SLM} capable of operating
in real time in the 3-12 micrometer wavelength range.

Optical spatial Tight moduiations were developed to transfer
incoherent optical images onto a coherent lignt beam. Their use has lea
to the meaningful application of real-time Fourier-based optical signal
arocessing systems. If such a spatial light modulator were available for
the infrared there would be significant application there also. One
might be artificially beam steering or focussing using the SLM as an
optically controlled diffraction grating o~ Fresnel lens., This has been
demonstrated by Christensen [1] and could have obvious applications
in an imaging array receiver used for star system identification.

Another application might be object identification by pattern recagnition
in a 10.6 micron imaging system. Such identification has been aptly
demonstrated in the visible spectral range by Gara [2] using indoor
scenes and by Christensen [3] using outdoor scenes. Both workers

used a slow Hughes Liquid Crystal Light Valve type of SiM.

In yet another area, effort has been put into the development of
numerical optical computing using residue arithmetic [4]. The best
approach involves the application of a fast optical spatial system using
a cyclic optical variable, the residue arithmetic being basically cyciic.

A numerical optical spatial computing system using a birefringence-based

1
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liguid crystal light valve has been develioped but is siow. A
seniconductor-based spatial light modulator using optical Faraday
rotation would also have the advantages of optical spatial systems,
namely high information density and paralisl processing, in addition t23
the cyclic variadbie for residue arithmetic and the speed tna® other
systens lack.

The objective of this research was %o review proposed methods for
achieving optical spatial liaht 7odulation and to make experimenta’

studies of the most promising approaches.

2. REVIEW OF SELECTED COPTICAL MODJLATIUN PROCESSES

2.1 Franz-Keldysh modulators

One class of electro-absorption ianfrared modulators is based on
the Franz-Keldysh effect. This effect is a variation of bandgap of a
seniconductor produced by means of a high electric field, Devices in
practical use are capable of an attenuation range of about 6J dB and hava
switching times in the microsecond range. These devices are essentiaily
small optical waveguides of the order of a millimeter in length, The
transmission path is a compound semiconductor with a bandgap enargy
slightly greater than the photon energy of the radiation to be transmitt-
ed. When a sufficiently large electric field is applied perpendicular to
the guide, the bandgap is reduced enough to allow photon absorption [7].
The physical emnbodiment would be an array of small optical waveguides
absorbing light at one angle and radiating spatial modulated light in
another diraction. The advantages of this system are the existence of
the technology and the wide dynanic range., Disadvantages ire the
circuit-imposad limitat® s on speed and the geometrical problems in

2




design of arrays. The necessity for eiectrical, rather than optical,
control of the modulation may be a disadvantage, particularly in view of
the problen of addressing individual cells. For these reasons we 4id nct

investigate these devices further,

2.2 Sensor-controlled emission technigues

As the name suggests, such techniques refer to the emission of
radiation from a source that is controlled by light falling on a sensor.
In the sinplest implementation a light-emitting diode on one side of an
opaque pltate might be connected to & phototransistor on the cther side of
the plate. Such an arrangement would, of course, require a dc power
supply. The intensity of the emitted light could be made higher than

that of the controlling light. The emitted Tight could also be of Juite

different wavelengtn from controlling light, [f Taser diodes wer2 used
there could be a conversion from incoherent to coherent light,

In order for this sensor-amplifier-emitter combination to be
gseful in a spacial light modulator it would have to be produced in an
integrated array. Such an array has been made by Beneking et al. [&]
using layers of compound semicaonductors deposited by molecular beanm
epitaxy.

Since we lack the equipment capability for growing complex hetero-
structures, we made a preliminary study of the feasibility of
conventional integration methods. As a guide we made several optical
logic gates as well as amplifiers using discrete components. The
approach is interesting for several reasons. The electronics of a cell
can be complex while maintaining optical inputs and outputs. Since the
output and input are coupled, the addressing problem of the Franz-Kedysh
array is avoided. The dimensions of a cell might be as smail as a few
microns and thus the resolution might be adeguate for many purposes.

3




There are,
this type.
elaments,

was deyond

advantages

howevar, practical d4ifficuliies in naxing integratad arrass of
They stem mainly from tihe need for optical isolatinn betwean

These difficuities made it clear that maring sucn an arriy

the scope of this program. Mevertneless tne fundamental

of electronic versatility in an optical systsn mijht justify

further work.

2.3 Free Carrier Faraday rotation in semicenductors

Free carrier effects in semiconductors can also be ised for

optical modulation. The basic idea i35 that nigh ourity Gars, for

exaiaple, 1s gquite transparent for infrared radiation i1 a band «itn

wavelangtn

introduced

greater than aboust 1,0 micron, If free carriers are

by injection or radiation, twc =7fects may Se observed.

Radiation at 3 longer waveleangth, e.g., 13u, will de absorbed in

proportion

to tne free carrier concentration. In addition, if a rmagneti:

fiel. is applied in the direction of beam transmission, ther2 #ill 2e a

Faraday rotation of the angle of polarizatiocn.

If an intense beam of light of wavelengtn 0.9-1.0u is use:z %o

generate free carriers, it may be considered to ce the control sizra’,

This control signal can then be used to dnplitude moadulata a 1k nean

~

7

eitner with or without a magnetic field., If a magnetic fiela is prese~t,

it should be possible to use two coincident control h=ams to agniave

logic functions.

A simplified theoretical model was presentad in the origing?

oroposal submitted on March 23, 1979, Expressions for the rotation per

unit length and absorption per unit Tength were obtained from Moss [9].

Since then a complete derivation has been obtained where classica!l

physics has been ysed as a starting point, with the resuyits which ar2

stated here:
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5¢~- = free carrier Faraday rotation in 3D/cn
By = applied magnetic field
n{x)} = electron concentration in 1/cc
p(x) = hole concentration in 1l/cc¢
In addition the figure of merit can be expressed as €y /x.
A few comments can be made about equations (1) tnrough {3).
First, it should be mentioned that the optically excited electron and

hole populations give rise to the Faraday effect are not uniform. Their




concentraticon crofiles are usuially exponential witna an associatec
cnaracteristic giffusion langtn, Furtaernore, (0s% Semiconauctors nave
soe type of initial doping. As a4 resulz, nix) is tne addizion ¢f tne
dacsyround levei of free electrons and the cpticzaliy excited ores.
Secondiy, tne Faraday effect contains r2a! and 'mejinary zarts. The rza’
part is5 tae expression for a real! rotation whila tre inayginary part is a-
expressiaon far a real rotation wnile the imaginary cart is an expression
for tne =llipticity of tne rotataed infrarca beam. This ellinticicy is

dirsctiy oroportional %o the absorption ¢oefficient ~hizh i3 rither low

even for moderata levels of photo 2xczita<iocn.
Severa: conditions ars to be met to satisfy tne adbov2 a2xpressians,
These include:
L) % > g where \g Ts the assorption edge wavalengtn
0f the semiconductor
2) x4 << famm*c)?/{qB;)¢ for 3, up to 10 kGass tnis

conaition can be easily met,

-

Optical seneration of Free Carriers

The bul< rate of carrier generation a% 3 plane situated at a3 dist-

ance x from trne illuminated surface of the semiconductor is given by [10]

-

gix,t) =ayy(1-A ) (t)s =X carriers/sec-cm {3}

‘

wnere a : absorption coefficient in 1l/cm

Yy ¢ quantun efficiency
Ry : reflection coefficient of incident radiation

Io{t) : number of photons/secec™ at incident surface

The 2nd order time-dependent differential =quation that descrivdes

the motion of free electrons and holes in a seniconductor is given by [11]

- )




where n : 2lectron-nole pairs generated
0 diffusivity of carriers
Ng : thermai eguilibrium carriers
T carrier lifetine.
The solution to the above 2:uation wnere tne radiation pulse-widtn is

wch larger tnan the carrier

¥
i

ifetines and surface recombination is

account2d for in a semiconductor stab or wafer i3,
) alat . / . .
nix)-ng = —-Q——-“ o \,_,:~,</L - ewX + 0 5
\Lfl) ~-a
whera
12
5 + 1 rgad
A= . 7
S +£ 1+.;d/'-
T
and
L =vDt =vKut/q {9
and s = surface recombination velocity in cm/sec
d = sample thickness,
Although the above solution is general, it does not account for multipie
internal reflecticons that exist within the slab for incident photon
energies which are just under the semiconductor's band gap energy.

One can deduce from the above formulations that due to the

gradients that exist in the photo-excitation of carriers along with

surface recombination phenomena, the Faraday effect will be much Tower




cnan anticipated. Figures 1 and 2 snow tne carrier distributian in 3
250 micron iandium antimonide wafer for several input laser Dower
Jensities {ny = 1.0) and two 2ifferent surfaca reconbination velocities,
Figure 5 shows the carrier distribution for a Gallium-Arsenide sample.
Tre photu-excited carriers decay in GaAs in a shorter distance because of

tneir lower Jdiffusian lengths as comragred to InSh.

Jsing equations (1) - /9) tne real part of the Faraday effect was

obtained for InSb as a function of 1acident radiation power densities,

-n

wa
Pt
-
b
4

shows the angle of rotation for tao termperztura2s in InSh,
Figura 5 shows tne Faraday 2ffact in GaAs.

Reduction in mobilities ang lifetimes due L3 the high lavels of
carrier corcentration at high iqput sowers nave not d2en taxen i7to
consideration. As a resdlt, tne expected rasul*s for the Fiaraday effect
snould te lower than portrayed by Figures 4 and 3.

The Faraday =ffect is greater in InSb than in Gals as Figuras &
and 5 snow. This is a direct resuylt from the fact that <ne electron
effective mass is smalier in InSb., In aaditsion, the carrier diffusizn
lengths are longer in InSb; thus moderate levels of photo excited
carriers can be sustained for longer distances.

As we have seen, large powers are required from the control
radiation to obtain practical angles of rotation. To increase the
Faraday effect the applied dc¢ magnetic field may be increased at the
expense of more power applied to the overall system. The proposed
alternative is a type of multi-pass device where the infrarad radiation

t0 be rotated is forced to transverse the semiconductor before it exists,

In effect, the 2 parameter in
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3=V 8.y
is being increasad where V, the verdet coefficient, and B, tne applied d¢
magnetic field, are unchanged. The mul<i-pass device functions as a
semiconductor waveguide.

To provide a practical picture of tne incr2ased effect in a
mylti-pass device where a spot size of 3mm x 3am in InSb at 7 = 100°K is

used as a basis for comparison,

A = /905 microns {control beam focused in

rea ~0.1 cmé )
P = 100 4 an area~0.,1 cw)

s = 10" cn/fsec
t = .5 mm
Ho = 9x101* atoms/cc
n{x} = uniform level
The comparative Faraday rotations for the conditions specifieq

above are as follows:

e mapeo S LNGLE PASS | MULTI-PASS (a . internal 167)

§off | 0.13° 2.58°
5on , 1.4° 28.0°
The advantage of a multi-pass confijuration rasts on tnae total

increase in length that the signal beam is to travel., This length can Se

expressed as,

d
sin a

where d is the control beams spot size, and a is the angle of iaternal
reflection., a must be greater than the critical angle which is egual *o

14.5° for InSbh.

12
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Because of the several passes that the infrared beam takes,
regions of high carrier levels, which are usually close to the surface,
will be tranversed many times. As a result, not only is 2 being
increased, but V which is directly proportional to carrier level will
also be increased.

Several problems need still to be studied for the multi-pass
device: coupling devices and their efficiencies, radiation angle
sensitivities, increased attenuation of the signal beam, and element size

optimization for integration purposes.

2.4 Optical Modulation with Magnetic Garnets

Magnetic garnets are materials that can produce large rotations of
the polarization plane of the light while maintaining an acceptable
transparency. They appear very attractive for applications in devices
1ike spatial light modulators and optical gates provided that the Faraday
effect can be modulated by external means, preferable optically. Differ-
ent attempts to achieve that are found in the literature, like using
waveguides of garnet and an external magnetic field to cause the switch-
ing [12] or using a laser beam to move and manipulate magnetic bubbles or
domains [13].

To be useful as spatial light modulators or gates for optical
computing the modulation scheme must be easily integrated into an array

and controlled in parallel.
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Two of the approaches we studied were:

a) to provide localized magnetic fields to
control the direction of magnetization
of the garnet and thus change the sign

of the rotation

b) to modulate some basic parameter of
the material which affects the amplitude

of the rotation.

a) The basic idea in this study was to produce a rectangular
array of magnetic bubbles in a plate of garnet and to remove or create
individual bubbles by optical means. The mechanism proposed was to
surround each bubble location with a conducting ring in which a current
could be used to produce the necessary local magnetic field. Two methods
were considered: One was to place a photovoltaic diode in each ring and
the other was to place a photoconductor in each ring. In either case a

beam of light on the cell could be used to switch the bubble. (Fig. 6)

The material most extensively used in our study of the effects of
Tocal magnetic fields has been Gdp2,1Big, 9Fes, 5(GaAl)p, 4012 with a
thickness of 4.7 um [14]. The Faraday rotation for this sample can be
seen in Fig, 7 and its transmission in Fig. 8.

Since the compensation temperature is 281°k the saturation
magnetization constan; at room temperature is small and external magnetic
fields of 17x10-4 Tesla are enough to reverse the Faraday rotation in the
whole sample., A strong hysteresis has been observed in this material and

once it is oriented in one direction, it will stay oriented in that

direction until a magnetic field in the opposite direction is applied.
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Photalitnoaraphicatly defined metal wmicrocircuits hay

D

been us21 2
generate nagnetic fields iocally. The first 1dea was 79 produce a 1)zal
nagnetic field large enough to locally reverse tne dirzction of trne nag-
netization in the garnet but tne Currants needed are to20 large. what
appears to be a much better apprcach is to provide for a nuclagtion point
in or near the active element defined in the garnet. This way magnatic
fields between 10-135 cersted snould be ensugh to cause the switching for
a given active el2ment. It nas been observed that avaporating a sary
small ar2a of aluminum near the garnet produc2s a very effective nug’ :a-
tion point. The nucleation points are cefects tna* 125 to start tne
raversal of the magnetization. Since raduction in tne thickness of tne

gariel reduces tne energy ner unit area of 4073i1s whose megnetizatioe -

N

05posita to the axternal magnetic field the etching of small arsas dafin-

Wl

ed photoiichegraphically should provide for nuclieation psiats, Angtner

wady TO procucté a nucieation point in garaets with cormposisian

Eup, 881, 26ap,6Fe4,40712 is to evaporate snall dots of 50°d and anneal tne
anple at 300°C for 15 minutes in a forming gas atmosphere, However,

tnis procedura has produced cracks in the surface of the giret, danaging

tha s ple.

It thus appears possible to make a two dimensional array of
optical g3ates by using a pattern of nucleation pocints on garnet in
register #ith a pattern of semiconductor current loops. 4&n attempt was
made to fabricate the current loops using a silicon~on-sapphire process.
Since a current pulse of the order of 30 mA is needed to switch a garnet
region 30 um in diameter, the design is not simple. Although we were no*
able to demonstrate a working device with our facilities in the time

available, the idea may warrent further study.
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Jur investigation of tne sacend 3ppreach was bassd o1 the
well-known rotation of tne plane of polarizaticn of a linearly poliarized
beam of light that accurs when 1% transverses a slab of =atarial and its
photon energy is close to a transition in which a%t least one of i*s

1

17

vels, either tne ground or the excited state, is a ~wl=iplet and i7 nas
been splis (Zeeman affect) by a magnetic field either internally
generated or extarnaily applisd. {7 addizion ta the usual zarity, soin
dnd total anguiar notent conservatian, the consarvaiior 0f the otal
nagnetic 10.ent detarmines whetner a specific transition betsenn
sublevels is going to be allcowes or furbidden f3r each 0of the ¢3ponents
of the incident Sean, that is, linear right circular and left circulariy
polarized. Tne simplast casa arises when tne garound stata is a singlat

(S stat2) and tne excitad stata is a triplat {2 statz) Fe
A / v

If we consider the incident linearly polarized beam as ¢o 52 o2 cf
rignt and left zircularly polarized components, the allowed transitions
for pboth of them corrsspond to different 2nergy vaiues and taus +thein
index of refraction and their absorption coefficients will pe 2i€ferent,
resulting in a rotation of the plane of palarization for tne outzoing

bean and also some degree of 21lipticity. The specific rotation depanas

among other factors on:

-




Typical Znergy States.




1) Separition of the two active sublavels

2) Energy separation between the Dean and the canter
of the transition

3) Linewidth

4) Transition probabilities

5) Population of ground and excited lavels

Modulation in varicus degrees can be achieved by extarnally affecting any

—a.

of tne mentioned ‘actors and each one could be considered a differens

approach, The two approaches considered in this worc ara:

a) Conherant excitation whicn is directed to factor 2

D) Incoherent excitation which is directed t> factor 3.

a) -- Coherent excitation can be achievea when tne 7aatarial 1as a
very narrow absorption line and it is oumped by a circularly polarized
dye laser beam w#hose monocromaticit, is good enough soO that it car be
tuned very close in energy to the absorption line but witnout neing
significantly absorbed, Under these conditions <ne elactrons are excitad
conerently and their energy lavels are shifted in a process tnat "as heen
called adiabatic following [15]. Tnis produces large changes in the
Faraday rotation effect of a linearly polarized beam w~hose eneryy i3 in
the vicinity of tne absorption peax. The rasponses are very fast
{(picoseconds) and by adjusting the frequencies, the controiled beas zan
be made much higher in power than the controlling bheam, thus provilding

gain,
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p; -- Incoherent excitation., The pravious szheme 1i:1nt nat e
possibla in the case wher2 the absorpticn line is not very narrcw.  Thus
the idea ner2 is tO pulp the Systen witn a circularly polarized hHean
tuned it tne center of tne line., The adsorption of the Hean Lumds
electrens from the ground level to one of the excitag levels changing the
electron populations and producing large changes in tne Fariday rotation
of another beam tuned to a frequency close to tne absorption line. It
has 5e2en shown [15] that changes of arount 10% in the population of tae
ground state are expected to oroduce changes of over 2007 i1 the Faracay
rotation effect of some garnet natarials.

The matarial chosen for the initial zests was 3 nagnetic garnes
with conposition Gap 1Big, oFes, g(GaAl }g, 4012, 4.7 o tnice, 2rrvaxially
grown in a non-magnetic substrata, The r2ason for the chcice was tnat is
yery iarge faraday effect suggested a larje segaration between saublevels,
provided high Faraday effect in regions of consideradbiz frarsparency, and
no external magnetic field was necessary.

A study of its optical properties {apsorption, raflection, Faraday
effect, etc.) showed tnat its rotation mechanisn was of the diamaqnetis
type {(as in Fig. 9) and the separation between the absorption peaxs of
both active sublevels was large. Nevertneless the ahsorztion peaxs wera
very wide due to inhomogeneous 5Hroadening and i< w~as clear that coherent
excitation would not be significant.

Incoherent excitation was attempted in order to partially change
the relative populations of the ground and excited levels. This attempt
failed because the lifetime of the excited electrons was extremely short
(<1 nsc) possibly due to spin-spin relaxation between the sublevels of
the excited state, This made it impossible to populate one of the

excited state sublaevels enough to observe the desirad effect despitz the
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fact that the laser power density was increasad to levels that damaged
tne surface of the garnet. An attempt {n find matarials with nore

suitable eneryy lavel configuration has not ya2t deen successful.

2.5 Modulation of optical absorption and refelztion by
puniping of noie states,

Infrared Tignt wodulation using semiconductars is not new. Prac-
tical devices have been made where Lhe exZess carriers are cenarated by
minority carrier injection by 3 p-n junctron, Sernariun {3e) was used in
early modulators [17]. To improve on its switching vine rasearchers have

studiad otiner moduiators based on direct hand-gan N s sucn as indiun-

(o9
ct
W

=1
—
Qs

-Antimonide (18] (iaSb) and Gallium-Arsenige [13] /5aAs). MNonethalass,
these modulators raquired the fadrication of p-n junctions t2 aenerai2

tne holes needed for light ibsarption near zon microns um). Gther
researchers have been abla to modulate tight utilizing another Tijht
source and a host semiconductar, Specifically, 10.6 un radiation noau-
lated by a pulsad ultraviolet laser with a waveliongth of 0.3371 un

has been denonstrated in Gads [20]. An SLM based on this approach would
almost be impossible due to its complex arrangement, Germanium couplars
are utilized to direct a 10.6 um beam in and out of a 2.0 miilimetar Tong
GaAs waveguide. More recently, modulation of 3 um light by 1J un Tignt in
p~type Germanium was shown [21]. Specifically, the transmission of the 2 un
laser bean is increased by the saturation of states on top of the vaiance
band by the 13 um Tight, & practicail modulator =3y 29t result using this

scheme due %o the rather large control beam energy densities (= 0.5
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Joules per squared centimeter). A simpler approach to obtain an infrarad
SIM would be to optically excite free electrons and holes using a control
laser emitting photons with energies sligntly larger than the semicon-
ductor's band-gap energy. In turn, these free carriers absorb the 10 .m
radiation. It has been shown that the dominant absorption mechanisn for
1ight having a wavelength near 10 um is direct sub-band transitions witnin
the valence band [22,23]. As a result, low levels of optically excitad
holes ar2 sufficient to provide reasonad’e nodulation depths. fonse-
guently, required control enerygy densities ars expecta2d t) be low.

A simple representation of an optical light mcdulatsr basad on the
absorption of light by optically excited free carriers is depicted in
Figure 10, Specifically, 1.06 un lignht suppnlied 5y a pulsed laser is to
be used ty control the intensity of 13,59 un iijnt ~ithin a host seni-
conductor. Silicon is chosen for this applicaticn becausa of its low
absorption coefficient at tre 1.06 um waveleagtn., As a result, a uniform
distripution of carriers can be generatea by the controlling laser. This
in turn, maxinizes the absorption of the 10.59 ui radiation which i3

directly porportional o the product of the number of free holes and 1:s

optical path length. Otner wmatarials ~ith faster recombination lifatimes

(i.e. direct dand-gap semiconductors) or silicon with gold centers can “e

usad to incredse the modulator's switching speed.

In Section 2,51, the theoretical analysis describing th: ‘nter-
action of both electromagnetic radiations with the host semiconductor is
presented., This theory is separated into three parts; carrier generation
by 1.06 um 1ight, carrier redistribution and decay, and finally, 10.59 :n
light absorption. The resul<ing equations are derived from the funda-

mental relations such as Maxwell's equations for the carrier generation
q Y




and absorption theory, and the continuity equations for the carrier
recombination theory. Infrared absorption is describea by tne exponen-
tial decay of pnoton flux with distance into the semiconductor. Finally,
a brief discussion of carrier redistribution parallel to the sample's
surface plane is presented. Tnis treatment arovides insight into
resolution limitations in a proposed SLM based on this infrared

1ight-controlled optical-modulator,

In Section 3.2 the experimental apparatus utilized and the netind
of data coilection is described. The experimental configuration i3
presented in which a silicon wafer is sinul<aneously irradiatad by the
controlling beam and the probing beam. The sample is adjustad for
Brewstar's angle of incidence of the 10.359 um beam wheraas the 1.0t un
contrailing beam enters the sanple from the opposite surface norma’ %o
it. Also presented is a comparison between theoretical and experimental
results. In addition, ar improved optical modulator with a fastar
response time is iacluded. Finally, the rasul:s of preliminary
resolution studies of a silicon-basad SIM ar2 shown.

Finally, Section 4 contains a revies of fmportant aspects of *ne
work, In addition, recommendations are made fur further studies incluc-
ing proper resolution studies for a spatial modulator. Furtheriore, nro-
posals for additional work are inade whers other semiconducting matarials
could replace silicon as the host crystal in an optical spatial lignt
modulator,

The mathematical details of tihe discussions are presented in a
series of appendices. The redistribution of the photo-excited carriers is

descridbed by an ambipolar diffusion equation., The derivaticn of the

26




time-space solution ¢f such equation is covered in Appendix 4, The
mobility and diffusivity of these carriers are dependent on severa!l
parameters including carrier density level. Appendix 8 covers thne
corplate formulation of an equation describing mobility as function of
carrier density. Finally, Appendix C groups all of the computer jsrograms

utilized in this work. Data acquisition programs are also included.

2.5.1 Tneoretical investigation

Semiconductors may be usad as host crystals where electromagnetic
radiation can interact ~itn other radiation to obtain optical swi<ching.
By stimulating the crystal with an incident light pulse, eiectron-noi2
pairs are generated provided that the photon energy is larger tnan the
semiconductor's cand-gap energy. A second elactromainetic wave traveling
within the saniconductor sample w~hose photon energy is much less than the
band-gap enerly would then be ahsorbed. Several absorption mechanisms
are present when the probing beam's wavelengtn is near tan nicrons,
These inciude phonon absorption, free carrier absorption, indirect free
hole transition, and direct intravalence transition. 3is the excited free
carriers return to their equilibrium state by recombining, the probing
electromagetic radiation raturns to its steady-state value. A4s a resyls,

optical switching is obtained.

The purpose of this section is to develop theory that relates tne
intensity of a control beanm pulse to the transmission and reflection of 2
probing beam via the electron-hole pair recombination within a silicon
crystal. In part A, the generation of electron-hole pairs as a function

of the control beam's intensity and transmission is developed.
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Since tne photon enerdy of a Nd:YAG laser is slightly greatesr than tne
bana-gap of silicon, it is assumed *tnat for every photon absorbed, one
electron-hole pair is generated. Furthermore, since the absorption
coefficient in silicon at 1.06 um is less than 100 cm~l, the control
bean's energy will not be absorbed within a few microns of tne crystal's
surface,

In part B, a solution t3 the di“fusion equation is developed
for which the electron-hola zistridution found i~ section A i3 the
initial congition, A simple dicf.sion ejuaticn i3 obtained provided that
the excited electron and hole concentrations and their respactive fi~st
and sacond derivatives arz approximately equal,

In part C, an explanation is :iven descriding tne absorption of
10 ym Tight in semiconductors. A araphical representation of the allowead
gntical transitions ia o-type silicon 15 included. These adbsorption
mecnanisms are grouped together in an exponential form to obi3ain tne
transnissicn exprassion for tne infrarad probing bean.

Finally in part D, a two-dimensional 2xpression describing tne
di€fusion of optically pumped 2lactron-hdle pairs along the plane
perpendicular to the direction of lijht propagaticn is praesented, Since
two-dimensional inage processing can result from such opticaliy controll-
ed infrared modulators, phenomena that might Timit spatial resolution
is investijated. Specifically, generated carriers will diffuse away from
tne spot of incidence with a characteristic lifetime and diffusivity
resulting in image 'smearing'., A set of two-dimensional 3raphs are

included for various carrier lifatimes.




Figure 11 Reflection and transmission of 1.06 um
1ight by a semiconductor slab at
normal incidence.
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CARRIER GENIRATIUN

Electron-hoie pairs are genarated wizhin the silizen crystal

LI . N

it is exposed to a light pulse of wavelengtn equal <2 1.0¢
short burst of energy i1s thus absorbed as i% pronagatas “arough %ne
crystal. The nunber of free carriers per unit volume can bde oLtaine

function of tne control beam's incident, reflected, and transnisted

Three honogenous media can be characterized by their propaga
K] J h ]

factors <1, X2, and k3 2s shown in Figur2 li. Regions 1 212 3 repr

free space while region 3 depicts the seniconductor sampie of thick

d. Tne electromagnetic fields i1 media one “hrough tnree are,
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Tne propajation factor for each region is respectively,

R (1.5)
Kl = v 5=
ko = Y (eé + is;).J? (1.7)
X3 = K] (1.8 |

The entire fieid description is completed by deteruining EZ’ £,
N ‘

and k2 from the experimental values of the magnitudes of the transmission

coefficient Ty and reflaction coefficient Ry, and the incident energy of

tne control beam. From Stratton's {97 book the tranmission and reflec-

(l+z12)(1+z23) 1 = T1oMo#F

tion coefficients for an absorbing layer are respectively, j
| o 2 #
E : 4€1(»(2-K3)d ;
Ta = = n.%
° E _2ikpd t
i
l i

2ikpd
rig + r2x

1.13}
2ikpd (1.1

‘ 1+ Fiofo#
where,

bk
25, = LV A (L.11)
wekj

L - 4 i 1,2,3 1.12
rj?. = ]+Zj9' JsL = s &y (. )
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Ny = i, v in U

The computed values of Ty and Ry Zan De natined t) tneir extari-
"

men<al values by varying : 2 11 kze Tnus ap, the adsorption coefficient

in silicon at 3 wavelength of 1.06un can 9e found experimentally. 28 :
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(1.3 and (1,10} in which 12 has deen set to 13 ¢n=. ;

The mean intensity of tae light pu

part of the complex Poynting vector

mé
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ba

S = Re -

N |

Thus, the energy per unit time and unit area coupled into the

semiconductor at z = 0 is,

So = Re

33




s i — W ] AR

supstituting eguations 1.2} and {1.%), we obtain,

/

2 sz .2 A
So T 3T i s B (.15
L.LLL:
and,
So = S4{1-Rp) 1.17;

wner2 Sy 13 tne incident energy fer unit time and unit ares and 3y T tne

rafiection coefficient.

The eneriy of tne contrd: dean at = d can ce ex 524 as
Th v of t t at z d can oe expressad

. 22, .2 -2apd 2 g

N
™
o~
b
.
—

wnere a2 is the absorption coefficient, As ¢ rasult, the total arergy
ser unit time and unit area 'ost 4ithin the semiconcuctor is,
Sa - S) - Srj . (1.19:

Substituting eguations {1.18) ana (1.13) into {1.19) we obtain,

/

£2 L2 -2 ¢ .2 24 pd
Sa = LZ =2l 1= |

(KR

A
R}
-
0
in
o
—
=
h

): 1.20)
wnizh can also be stated as,

Sa = Si (1 -Rg - Ty) 1.21)
where Ry and T4 are the reflection and transmission coefficients

respectively.

Equations (1.16) and (1.20) can be equated to equations (1.17) and
2
and

(
(1.21) respectively to form two simul+taneous equations where :EE

.2 .
25| can be determined. The results are,
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2o 2d
) T-Rgy %29 _ To
€317 = 55 A0l (1.22)
£2 1 20 5d -2ad,
21UU2 8 2 - € J
-2
.2 (1-Rp) ¢ a2d To
;E2; = S - (1.23;
F2 ; 2apd 6'2‘12dt
ZJUZ € - I

Finally, the electron-hole distribution per unit time and unit
voiume at t = 0 needs to be determined. Taking the real part of tne
divergence of the Poynting vector within the semiconductor givas thne

energy absorbed per unit time and unit voiume as i function of z, Thus,

substituting equations (1.3} and (1.4) into (1.24) and differentiating,

we obtain,

If we assume that one electron-hole pair is generated wita tne
absorption of one photon of wavelength equal to 1.06 v, for low carrier
tevels, then equation {1.25) can be set equal to -C(z)hw where C(z) is
the concentration of the carriers per unit time and unit volume and ho is
the energy of one photon., Thus,

8202

2 <23z
2 &
weu2h

ZEhzﬁ

C(z) = {1E| + [E5) (1.26)

where |E3|, |E3|, and ap are determined from experimental data.
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3. LARRIER REDISTRIBUTION

1

fr)

Orce tne short burst of energy passes through the silicon ¢ryst

at time egual to O+, the photo-excited elactron-hola pairs will aiffuse

cr
.

less popuiated areas. [In addition, the electrons and noles will recon-
Dine with each other with a characteristic lifetime. This anninilation
process will raduce the total number of pairs as time progresses. The

¥

centinuity equations that describe this process are,

in ~ - /* Ao 2 1 7
St = =¥n * un . \'TE) + un n \1.2/)
5 ; > L2 .
T - e tep T PE) - DR T T (1.23)

for olectrons and noles respectiveiy.

Cquations {1.27) ana (1.28) can be combined into one single egua-
tion that describes the motion of 2lectrons and holes within the samican-
ductor. Saveral assumptions have to be made %9 obtain such equations,

The cptically excited electron and hole concentrations »° and 3° are
assumed equal throughout tne crystal., as a result, tne di‘faerence betueen
the total electron and hole density, n and v respectiveiy, i5 very sn3 I,
In addition, their time and space aerivatives are assumed %) he egual.  In
reality, however, as the elactrons and holes radistribite, tne elecirons
tend to diffuse faster than the holes since the elactrons nave a ‘arger
diffusion coefficient than the holes (Dn > Dp). As a consequence, an
electric field develops between the electrons and holes as their jmdalince
increases. Thus, the hole diffusion is aided by this field whii2 tne
electron diffusion is slcwed down. The basic assumption states that
although tne electron and hole diffusion coefficients are differant, the

electric field from charge undalince prevents the excited carriers’
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concentrations and their respective derivatives from differing signifi-
cantly from each other throughout the semiconductor. As a result, a sim-
ple diffusion equation with its corresponding “ambipolar" mobility uj,,
lifetime 14, and diffusion coefficient Dy, may be used [25].

-

By multiplying equation {i.27) by 4pp and equation (1.28) by uqn,

adding the resulting two equations and assuming

§» = §n .

St St (1.29,;

5 = n (1.31)

Zp = 2 1.32)
T

and using Einst2in's Relationship D = . to obtain

i
-

DpUn = Dnu p
we may finally write,

Sn Lt
__HpP Fual = = RMugp- Rpuan < ugus (o) £ .00

st
2 ~
= upbn{n+p) <n (1.33)
The electron and hole recombination ratas R, and R, respectively, are

assumed to be linear. That is,

Ry = = (1.34)
Tn
and
_ P
Ry = - (1.35)

where n” and p” are the optically excited electrons and holes. Thus the
total carrier densities n and p are equal to a background level ng and pgy

sumimed to an excited level n” and p” raspectively. That is, n = n" + n,
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and p = p° + pg. By dividing equation (1.33) by {uan + ugp) and substi-
tuting equations (1.34) and (1.35) we finally obtain the "ambipolar" di<-

fusion equation

[
ot

Ta
where 14, ny, and 0y are tine ambipolar 1 -2time, mobility, and diifusion

coefficient, respectivaly;

BoP 4 Hph
r = —— 177
a = (1.37)
N U N
Tn ‘[p
. . —_p-n_ re
¥a N+ Vhe T
Hn kn
and,
D - __P +n oG
a r +—2 \so -y
D, Dy

The electric field E within tne semiconductor due to The ¢hirie
imbalance can be ignored [25]. In addition, siace n” i3 aparoximatel,
equal to p: o-n is very small teading to a very sma'l valie for tne
anbipolar mobility wa. As a result, tne second term on tne right s1ie ¢f
equation (1.36) can be considered as second order in comparison to tne

others. We may write the ambipolar diffusion eguation as,

§n” -n’ 5

= + 03 <n” (1.40)

\
ct ‘fa Ny )

o)
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A solution to the above differential equation in one dimension ,

may be formed by a linear superposition of solutions of the for [26],

P (z,t) = 5 (A cos G2 + B, sinc C.Z) e <" (1.41)
k=0
where
]
Ve = 'f—a‘ +DaCk2. [1.42)

The coefficients A¢, B¢, and C. must be chosen to satisfy the initial

condition {see egquation 1.26),

z = *d

ﬂ’(Z,tzO) = 53"2 },_-Q.JZ —2&22 :‘12 2122 PR
> £ io < Lo
D“,th 20 { \ /
and tne boundary conditiors,
5n” | -

tDa — = s 1.,44)

6z |

f

where s is the surface recombinatior v2locity at the two boundaries
depicted by z = xd. That is, the thickness of the semiconductor siah is
equal to 2d.

¥

A complete derivation of equations (1.41) and (1.42) is presentad

in Appendix A, Figure 13 is a plot of equation [1.41) for an arbritary

”

input energy and an ambipolar lifatime of 4.0 microseconds. It shoulid ce
pointed out that the reduction of carrier density at the sample's surfaces
is due to surface recombination. Here a worst case value of 1200 centi-
meters per second is chosen for a silicon wafer 250 micrometars thicc,
The time increments depicted in Figure 13 are equal to 8 microseconds.

As a final note in this section, the nmobilities of electrons ana

holes are not assumed %0 be constant, As a natter of fact tney are
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functions of the number of impurity atoms within the crystal, lattice
temperature, and tne excess carriers [27]. As a result, the ambipolar
diffusion coefficient will vary as the number of electron-hole pairs
decays. A complete formulation to obtain these parameters is included in

Appendix 3.
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C. INFRARED ABSORPTION

In this section a theory will be prasented which describes tne
absorption of light having a wavelength near ten microns, The absorptior
of radiation energy can be expressed as the exponential decay of tne

photon flux with distance insige the semiconductor, We may write [28]

Lout = Tin e 0 ‘1.45)
where [, and {5 ¢ are the input and cutput intensities of tne ten micron
1iyht, x tne absorption coefficient, and D is tne sample thickness, Note
that ejuation {1.45) neglects the fact that part of the incident light is
reflectad at the first surface where it enters the sample, and tha*
another part is reflected back into the sample at the second surface
+hera the light exists. Equation {1.45) can be satisfied %y placing

the silicon wafar at the Brewster's angle for the 1%um radiation.

There are several absorption mechanisms occuring in silicon “ar
radiation near ten microns. Light will be absorbed by the creation of
phonons within the lattice of the semiconductor [29]. Tha effact of
lattice absorption depends on the wavelengtn of the Tight and the
tamperatuyre of the material, In addition, absorption due t> free
electrons is also possible although the cross section for tihis process is
much smaller than for other absorption mechanisas. Finally, the mechanisn
in which a free-hole absorbs a photon by making a direct intravalence band
transition is also inciuded. These direct transitions iaclude heavy-hola2
to Tight-hola band transition, heavy-hole to solit-of€ band transition,

and light-hole to split-off pand transition [30].
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As a result, we may write the absorption coefficient for silicon

for ten micron radiation as,

st
.
4>
(o)
~

3 T ap Tapey o Y ag.g taf

where ap 1s the absorption due to phonons, the following three terms are
the absorption due to the direct intravalence band transitions, and af¢ 13
the absorption due to free carriers. The three intravalance band tran-
sition coefficients can be grouped into one absorption *a2rm xq. In
aadizion, if 54 and o¢ represent the hole and free-carrier radiation

absarption cross section respectively, we nay write,
2 T ap *ogp tofn .47)

wnere n and p are the electron and hole densities. As a rasuli, the

transnission coefficient of the probiag beanm can de rawritten as,

B -('Jdp +Ofn)D (10‘18

where static effects such as lattice absorption and any hoie contribu-
tion from doping atnms have been subtractad out.

The expression that relates the free carrier absorption coefficiant
to tne density of electrons within a semiconductor resulss from classica!
dispersion theory, The absorption increases as the sguar2 of the wave-
langth X and is directly proportional to the carrier density n. We may
write [28]

2@ n ,

af = (1.49)
m2Cne, mnzun

where Q is the electron charje, C is the speed of light, np is the
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rafractive index, €4 is the vacuum pernittivity, my i35 the electror
nass, and up s the electron nobility. This absorption is due to tne
absorption of light wnen a free electron is raised t) a new energy

state,

The diract intravalence-band transition can be described as the
absorption of light wnhen a bound electron i5 excited tc a nigher eneryy
state within the three sub-bands in the valence band. Both energy ana
morentum are conserved in the intravalance band transitions., 3s 3
result, only holes in a narrow ra2gion of the heavy and 1ignt "0%e dands

will contribute in the absorption of 13 um light C31]. Tne absarotion

coefficient is governed by the populations of these sub-bands w~hicn ars

1
i

prasent when an elactron-hole pair is generated by 1.06 un iizht. The
nole states involved in the optical transition ara maintained close =9
the dynamic valug by various scattering processes of which tne dominant
is hole-phonon relaxation [32]. This scattering rat2 occurs «i%h a
sub-nicosecond time constant,

The expression ralating the absorptian coefficient as a function
of available holes on the valence sub-bands resulss from a juantun mech-
anical treatment of the transitions. The resulting form for g4 is

£31,32],

4= p T /s .
ag = r 1 4 r2,2 \*.SU/
nrbmp + 7L

dhere 1 and p are the relaxation time and density of holes respectively,

and w is tne angular frequency of tne incident radiation,

[n addition to the aforementioned processes, a dynamic lattice

absorption i3 possidble in silicon., Two-phonon absorption is energet-
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Al

ically possinle for a savelengtn of 13,6 micreons 732]., Tne probability
cf occurrence 15 increasaa drana%tically since ohonons are generatei anen
a free-aglactron racombines with a nole during the decay process.
Furthermore, indiract free-holie transitions are possidble whers an alact-
ron is excited within the same band with simul+anenus jereriticn or
absorption of a phonon [34], This process fallows <he savie depandence as

the free-elactron absorption does where o increasas 35 3 function of X<,

As 3 consaguence 2f these added aossoargtion grocesses, %ne dcle Irass-
section og in silicon is exp=ctad to be siizhtiy larcer tnan jiotad in

tne literature {31].

Equation [1.48; i3 plotted as 3 function of time in “iiurz 14,
The elaciron and hole concentraticons ar2 detartined using ejiation [1.47)
with the sane boundary conditions utilized to plot Fijure
since the lavel of pnoto-excited carriers is aon-uniforn, an itarativa
netnod with a 1 micrometar space increment i3 impletentsa ty cbtiin the
Tormnatized transnission of the 10 um Tight. This formwlatinng assures
instantaneous generation of 2lectron--o0i2 pairs. 35 a result, the rise-

time of tne attenuatad beam is close t3 zero.

Figures 153 and 13b show the enargy band diagran of silicon
wnen optically induced transitions are inciude “18,20]. Th=2 '.06um 1iant
generates inter-band transitions whereas the 11,59 um 1i3ht contributas >
intravalence band transitions. Note that bound electrons can be excited
from the top of the three valence bands at < = 0, This is due to the
snall eneryy separation between the split-off band and the neavy or
l1ight-hole bands. A4s a result, 1.164 elacton-voits faV) are regquired t3
excite an e «ctron from the top of the split-off bDana £H tne conduction

band. A 1.06 um photon has an energy of 1.172eV.
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a. Interband transition (1.26 .7)
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b. Intravalence band transitions (10.59 i.m)

Figure 15  Silicon enerEy band diagram with allowed optical

transitions [18,20].
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According to Ficure 15, airact transitions are possihle only

batween the split-off band and either tae heavy or light hole band for

Y]

19,93 un photons. Tne thermal energy kT at room tamperature allows fne

population of noles on top of the heavy and light hole bands to redistri-
but2 itself. As a result transitions 7 and D have a much larger probedil-
&

ity of occurence tnan A and 3 for 18,59 un light,
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D. CARRIER REDISTRIBUTIUN NORMAL TO THE DIRZCTION OF LIGHT PROPAGATION

In addition to carrier decay in the z-girection, the optically
excited electron-hole pairs will diffuse cutward from the area of excita-
tion. This, of course, leads to a three-dimensional picture of carrier
generation and decay within the sample, Egquation (1.40) can be extended

into three dimensions resulting in

&n” (r) -n" {r)
2
= - D —.n’(r (].50
st Ta a r } ) \ )
where
+ ~ ~ a
ro= o xaytya vzag:o f1.51)

A two-dimensional solution for equation 71.,50) valid for t > tp can
be written as [11,28].

th - -

n”’ ()(,_y,t) = 4Dat T3

m

.~
-
.
wn
(2}

Tt

where N electron-hole pairs are generated instantaneously at 1 point

x =y =0 and time = 0, tp is the finite pulse wiath of tae exciting
laser, and ngy represents the background level of free carriers, The
solution is plottad in Figure 18 for an ambipolar lifetime of 1,0 mizro-
second, laser pulse width of 40 nanoseconds and 300 microjoule aneryy.
According to the figure, a time dependent 'snearing' of the incident laser
spot is apparent. As a result, the resolution of an infrared spatial
light modulator is dictated by material lifetime and nobility. A resolu-
tion of 4 lines per millimeter is possible where the grid size is 15 x 15
microns squared., Figure 17 demonstrates considerable improvement for a
tenfold decrease in carrier lifetime. As a result, a material with a 100
nanosecond lifetime might have a worst case resolution in the order of 3

lines per millimeter.
51




3. EXPERIMENTAL STUDIES

Following tne theoretical analysis of Faraday rotaticn i1 senicon-
Juctors (section 2.3) it was decided to use InSb for the experimental
stuaias ratner than GaAs. Samples of bulx material were obtained and
wafers were prepared. Special attention was given to characterizing
saples. Data obtained included optical absorption coefficient at 1,06
micronetars, minority carrier lifetime, surface recombination velocity,
elactron nooility and mobility ratio. The measurement technijues Jsed
included Hall wmeasuraments, transverse magneto resistance measurenlents,
ohotaccnductivity and photoelectromagnetic measuremnents.* Since the

program terminatad before device studies could te maa2 tae details of ine

measureanents will not be included hera,

The basic experimental configuration where one lasar controls the
intensity of another laser via a semiconductor crystal requires that the
two light sources be coincident within the sample. Few mirrors and lenses
are used to direct and focus both laser beams resulting in a very siaple
experimental layout.

This chapter is organized in the following way: in Part 3.1 2
description of the lasers used and their respective detactors is presented:
in Part 3.2 instrumentation and circuitry utilized in the experiment are
described; in Part 3.3 the results of this work are presented and correlat-
ed with theoretical results. A step by step procedure is also inciuded in
Part 3.3 for using some experimental results to obtain sample constants us-
ing theoretical forulations; in Part 3.4 the improved switching time of a
gold diffused sample is presented; in Part 3.5 a description of the experi-
mental layout to obtain a rough estimate of the infrared modulator's
spatial resolution is shown.

* Min, Wi-sik, Steady State Excess Carrier Distribution in n-Type InSp
under Illumination by Light, M.S. Thesis, ODhio State University, 1981,
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3.1 APPARATUS DESCRIPTIUN

Figure 18 shows the experimental layout where the samnle, a silicon
wafar polished on both sides, is shown at the center. The output from the
pulsed Nd:YAG laser, positioned at the top of the figure is expanded intc
da two inch beam which is directed onto the back side of the sample for
normal incidence by a mirror. Neutral density filters are placed on its
path to obtain several! power lavels. A lens is utilized to insurs taat the
1.06 un radiation completely overlaps the 10.59 um radiation. An iris in
place of tnhe sample is used to align both beans. 4n RCA S-1 vacuun diode
positioned in front of the sampi= nonitors the control 2z2an’'s incident

and transnitted powers. Finally, a beam splitter positionred a%t tne

output of the Nd:YAG laser provides a trigger signal znrouan a Cantroni:

BPA 65 detector with a 1 nanosecond risetime.

An International Laser Systems (ILS) i-swisched Neodymiumn: Yttriun
Aluminum Garnet (Nd:YAG) laser with a wavelength of 1.06 unm is used as
tnhe control beam. The 40 nanosecond pulse provided by the .S laser has

-

an average peaxk power of 7.5 «ilg watts. The probing infrared bean is

e S e T AR TR .7, 3

orovided by a modified MP8 Technolagies carbon-dioxide {[CJ2) laser opera-
ting at a wavelength of 19.59 un, The C0p mixture {10% CJp, 13% Hitrogen,
balance Helium) is supplied to the continuous wave {(l4) iaser cavity
utilizing an open flow system.

The signal beam, the 10.59 um radiation, is provided by 3 chopped €

laser positioned on the far right in Figure 19. This beam is directed and

focused to a spot 1 millimeter in diameter on the .2ft hand sije of the
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Laser's — ¢
external 7 L
trigger
= 74121
One-Shot
Figure 20 Delay circuit utilized to synchronize the two lasers

with the proper time delay.
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sample with parabolic and flat surface mirrors. The parabolic airror is of
relative large focal length to avoid any significant focusing as the beam
propagates through the sample. The sample is positioned at the Brewster's

angle to remove any contributions tc the observed material effect from tne

reflection due to the and second surfaces. The wavelengtn of the COp laser is

continuousty monitored by an infrared spectrum analyzer and Zinc-Selenide
(ZnSe) bean splitter positioned at the output of the laser. Finally, a
pyroelectric detactor with a 60 nanosecond risetime Field-Effect transis-
tor preampiifier is used to measire the time-dependence of tne modulated
13.59 um radiation.

The Nd:YAG laser is pulsed at a rate of 1 Hertz to obtain 2
stability within 10% from shot to shoc. A delay circuit is required to
synchronize the two lasers with the proper time delay. As a resuit, the
simul“aneous occurrence of both lasars within tne sampie is insured.
Figure 19 shows the chopped 13.59 um radiation which consists of a train
of 253 microsecond pulses at a frequency of 25 hertz. This signal is
arplified 19,000 times through a low-pass filter and fed into a delay
circuit depicted in Figure 20, <{Consquently, the requirad 1 Hert:z

trigger pulse is generated by the C02 laser's output.

3.2 DATA COLLECTION AND INSTRUMENTATION

A Tektronix digitizer with its controiling micrccomputer with
graphics capabilities is used for all data collection and storing. In
addition, waveform integration and differentiation are possible through
nunerical methods.

Since the pulse energy of the Nd:YAG laser is highly reproducible

from shot to shot, the incident energy on the sample is separately
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TABLE 3.1  INSTRUMENTATION
LASERS
Type ty{measured) Power(measuread) A
€02 <A 250 us chopped 2 W 13.59 un
ND:YAG 40 ns 7.5 Ki 1.06 un
DETZCTORS
Type te Responsivity B4

pyroelactric 60 ns FIT pre-amp

0.37 Aw/w B 13,59 un

S-1 diode 150 ps 20,0 Y/ 3 1.06 un

PIN diade 1 ns (50 -
AMPLIFIERS

Type BW Purpose

Keithley 130X 130 MHz (5. ) raise signail lavel

Keithley 100X 13 KHz raise signa’l l=vel for

delay cirzuit

DIGITIZER

Tektronix 7912AD 500 MHz (5Q)

Tektronix 405174631 Micro computer/conier
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Step 1 Incicent.reflection, and transnitted l.06 micron energies
Step ¢ Apsorption coefficients at 1.us microns
Step 3 dagnituwaes of electric fielas squarea at l.06 microns

witnin the semiconductor

Step 4 Time ana spatial aistribution oI optically generateq
carriers

step 5 Average nole cross section &t 10.5Y microns

Step v Moaulatea time-aepenaent LUy, laser peam

Figure 21 ©Sequential steps folloved for data
collection and computation

59




) “A24EM UODL|LS B 0} |euuou
sosind JYbLL Wit 90| pagdd( 404 puUR JUIPLOUL 40 SIAAND fejuawtaadxy €2 uvdnuLy

BYSL'0 = 4 Abaoua pajoojay e

*AIpP,I250UDY g2 *ATP/E} 0N |
re A 'y A

ol d A A

HOJI VIS NI HOILUIQuy 90°(1 J3L33743Y JHY LHIGIIMI

60




*404eM UODLILS B 0} |euaou sasynd Jybi|
W9l POTIINSURAY puR JUBPLDUL U0y SAAUND [eFudWLAadX] q2z aanbi4

vicv'0o = 1 Abuaauy t.u.-u_.smtmwk.h q

*AIp/lasnutu A7 KIpsERLOn |
-y A A 'y

A " oA " A

HOJI1S HI HOILYIQWA S0°1 Q3LLIUSHYAL JHY LH3QIIHI

61




*Abuasua ybr| ust g JO uoLIduNy
PSP UODLLLS Ul S3UDLDLJJD0D UOLSSIWSURAY PUB UGL]I3|Jou jejudulaadxy g2 aunb 4

es[nofouotp ABusuz uweo | [oujzuoc)

B . 01 )
LB 1 T 1 L I g _-j 1 q | | T B
1 ........................ ” ........................ w—
e o
. m........m ........................ L
e
0 0 8
A -
R R —
0]
0]
S SR S —
1 0
. 0]
: Q
e e e e e e e e I IR [ RN R —
1.1 i 1 I 1 ] b.\—— i ] 1 | i 1

#E "0

ore

S8

9P

aLe

UOCI3OB®[JBY PUD UCIESTWSUDJ |

62




*Ahuasud JybLy :
E;cc.Puocc_du::uemc:cu___mc_gcmwu_;wmoJ co_ucgomactwucpuupwu wmmgzmwm

00~30ﬂ0L0«Z xmLﬂEw Jesp] [O043juUO0]

ot » 01

B L L T T [TT v 17 71 ¥ 7 7 ",
: o}

L T e e v e v e st e e e e e e e e e e e Q B L Bom




measured from the transmitted enerygy by sinply renoviag the samnla,

These energies ars computed by integrating the laser pulse waveforn,

The intensity and baseline of tne CO2 laser bean is continuousty
monitored by chopping the laser's output. 3Because of tne low raspons-
ivity of the pyroelectric detector, a Keithley widebana amp’ifier ~itn a
gain of 100 times is utilized. This signal is fed into the aigitizer
triggered by the PIN diode sampling tne output 3f the Nd:YAG laser. As
a result, the digizizer displays only a 13.59 un signal w~hen 3 1.06 n

pulse is present,

Table 3.1 surmmarizes all pertinent data corresponding to lasers,

detectors, and instrumentation.

3.3 ORESENTATION OF DATA AND CORRELATION WITd THEORETICAL RESULTS

A silicon wafer polished on both surfaces with a thickness of 2%
microns is used as a sample in this experiment. The matarial is p-type
with resistivity of 500 ohm-centimeter ccrresponding to a doping density

of 2x1013 Boron atoms per cubic centimeter.

Experimentally, three sets of data are generatad., The order of
events as depicted in Figure 21 is as follows: Incident, refiected and
transmitted energies of 1.06 un are measured from which exparimental ra-
flection and transmission coefficient result., Figures 223 and 22b snow
the resulting averaged Nd:YAG 1laser waveforms for one power level, 8y
using equations {1.9) through (1.13) a value for x, the absorption coef-

ficient in silicon at 1.06 microns is obtained. The resulting coef-

ficients are shown in Figures 23 and 24 as a function of incitent ener-

gies. Note that close to 25% of the incident radiation is reflected, An

antireflective coating provided by a thernally grown film of silicon
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TABLE 3.2 CONSTANTS

1.06 um Radiation Constants

£1,82
H1sH25kH3

=2
d

«h

82

1.774 x 1015

8.854 x 10-14

dr x 10-9

1.036 x 19-12

250.0 x 10-4

1.871 x 10-19  (1.172ev)
2.03 x 195

3.5549 [27]

0.2982 (5 = T )

(sec)-!
Farads/cn
Henries/cm

Farads/cn

u
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dioxide sihould be able to maximize the transinission of the 1.06 un energy
at tne first boundary [9,13]. MNext, the absolute value of the sguara2 of
the elactric fields of tne 1.06 um radiation within the semicanductor can
be found by using equations (1.22) and (1.23). As a result, the spatial
distributions of the optically generated carrier density can be computed
with equation (1.26). Figure 25 plots the carrier density as a funcrion
of distance and in-cident energies for time equal zero., Table 3.2 lists

the constants utilized for the 1.06 unm radiation egquations.

Imnediately after the light pulse passes through the silicon
wafer, the generated carriers will decay with an effective lifetine v;.
Eguation (1.41) describes this redistribution of optically excited
carriers and is graphed in Figure 26. The lifetime of the carriers can
easily be matched to fit the temporal variation of the Co2 sijnal deam,
As a result, material lifetimes can easily be measured in tnis contact-

less method.

The experimentally-observed modulated time-dependent CJ2 laser
beam is shown in figure 27. A modulation near 50% is observable with a
control laser energy of 300 microjoules., Superimposed on the same figure
is the time-derivative of the COp laser beam waveform, Clearly, the
first derivative represents the occurenca of the Nd:YAG laser pulse,
while the second one of opposite polarity shows the lifetime associated
with the decay of carriers. Figure 28 is a time expansion of Figur=2 27,
It is clear that the risetime of the modulated infrared light is
Timited by the pyroelectric detector's response time. In addition,
several different slopes are o“served in the COp laser waveform. These
correspond to the multi-Tifetime decay present in indirect band-gap

materials such as silicon, Figure 29 is a time expansion of Figure 27
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TA3LE 3.3

10.59 v RADIATION CONSTANTS
ez A e e Ma e A mEAN s sesesmsTEaeastenasaamaneamE T aasncTinsre T

u 1.780 x 1214 sec!

he 1.877 « 10729 (3.1173)

1 - 10

2.03 x 13¢

260 x 10-¢

3.6 x 10-17 (equation 1.49)

8.14 x 10-15 (experimental)

4,0 (experimental)




-

wnera tne three waveforms correspond to three different incident energies
from the control laser., A saturation effect is noticed as the pump
energy is increased. This behavior can be attributed to the fact tnat
oniy a fraction of the optically generated holes contribute to the
absorption of the 10.59 um radiation. There is narrow region in %

space away from 1 = 0 where direct transitions are allowed. If we move
away from this region and opposite to ; = 0, the Maxwellian distribution
function far the holes will become small, minimizing the probability of
transiticns 733,34]. As a result, as the electron-nole pairs recombine,
3 jood number of holes are still available on top of the valence band far
13.52 un absorption. These available holes are continuously shuffled

around the top of the band by thermal scattering processes at picosecond

rates, Table 3,3 lists constants pertaining to the calculation of *ne

absorption of 3.5%ua light.

Finaily, Figure 29 also shows the theoretical results super-
imposed over the experimental ones after readjusting for the saturation
effect, Equations (1.41) and (1.48) are used where a lifetime of 4.0
microseconds was selected to fit all three waveforms. In addition, a hole
cross section of 3.13 x 10-15 centimeters squared resulted from the e«-
perimental curves. This value is of the same order of magnitide as tne

ones published in the literature (1.3-7.0 x 10-13 cn2) [31,32].

From obtained experimental results, one can conclude that modula-
tion of 10 um light may be accomplished with low levels of optically

excited holes. This is due to their rather large cross section for

materials such as silicon and germanium. One should point out that only

a portion of these holes contribute to the absorption of 10 um light, A3s




a consequence, the modulation depth is 10t only 3 function of nole
density but it also depenas on the nunber 3f 10 .m pnotons, That is,
for larger signal beam power lavels, larger control Deam powers arz

required to obtain similar modulation depths,

3.4 SWITCHING IMPROVEMENTS

An optical switch based on silicon has one sa2rious drawbacx: 1its
switching speed., Due %0 tne indiract nature of carrier decay via
racombination centers, the lifatime of 3 freoe electren or nole is i tre
order of tens of microseconds. [t is well xnown that tnis Tifatime i3
inversely proportional to the level of racombination centers in an
indiract band gap matarial such as silicon {38,39,40]. Tnis r2lation 2y

be written for

1

Savthniil

wnere ] is the concantration of tne centers per unit voiune, =4 i3 their
capture ¢ross section faor electrons, and venn is tne elaciron thera!
velocity. Simiiarly, the expression for the hole lifetine is,

inversely proportional to the level of reconbination centers in an

1
T, = {3.2)
Op\)thp NZ
Note that Nj and Np are the densities of Lhe two trapping levels assoc-
iated with each gold aton [39]. Np is associatad with an acceptor level
lTocated about 0.35 eV above the valence band and 'iz 15 the donor level

Tocated about 0.54 eV below the conduction band. Tnis clearly suggests
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p=

10.59 um light

silicon

Aluminum/Geld Filr

Figure 20 Experimental configuration for a gold-
doped sample with a metallized back.
Sample is at the Brewster angle with

respect to the 10.59 um iight.
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tnat to improve on the time response of an optical nodulator based on p-
type silicon, gold atons should be introduced into the crystal lattice.
Gold is introduced into silicon in a contralled fashion by

solid-state aiffusion, A thin fiim of high purity gold /=200k) is
evaporated on a silicon sanpie from the same hatch of wafers used for

part C. The silicon wafer {s inserted in a Lindberg diffusion furnace

ot

set at 900C. (=3 x 1015 ATOMS/cc) [41]. 1In addition, a thin film of
aluminun and Jold is =2vaporated on one side of the solished silicon
wafar,

The metal backing on the samplie provides a two-fold improvement
over the previous experimental set-up. The optical path of both probing
and controlling beans are increased., As a rasult, an improvement in thne
attenuation of tne €02 laser probing beam is expected. Fijure 30
illustrates the positioning of both laser beans with respect to the
sanple in which the signal's incidence orientaticn is naintained at the
Brewster angle. Figure 31 shows the time-dependent wavefori subjected
to 300 microjoules of incident eneragy from the Nd:YAG control laser,
Also superimposed on Figure 31 is the resulting theoretical wavafornm
whera a Tifetime of 0.55 microseconds provides the best fit., Thus, an
improvenent of near one order of magnitude over the pravious lifetime
(4.0 microseconds) is obtained by introducing gold atoms into tne silicon
lattice.

The number of gold recombination centers can be increased by
lengthening the diffusion time and increasing its temperature. As a

consequence, much faster switching times may result (near 1 nanosecond).
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3.5 RESQLUTION ESTIMATZ

A complex experimental set-up consisting of array det=2ctars for botn
wavelengths and imaging of a standard resolution pattern on the sanple's
surface is bypassed in favor of a simpler experimental lay-out as shown in

Figure 32, The basic premise is that tiis ~i11 provide preliminary

resolution data without the need for an involvad experinent,

The basic idea as portrayad in Figure 32 is to focus the control
iaser's paan ~ith a cylindrical lens on the sampla's surface depicting a
narrow line, Then by scanning a well focused probing beam in and out of
the carrier generation region a plot of the percent mcdulation as a
function of space is produced. Clearly, the COp Taser's spot size must be g

equal or less than the Nd:YAG laser's focused liqe. As a rasult, the

e«pected spatial modulation foliows the control Taser's spatial iantensity,

The spatial distributions for both probing and controlling deans ar2

shown in Figure 33. These ara obtained by scanning a pyroeiactric and a
PIN diode across expanded 13,59 um and 1.06 um beams rasgectively. The
actual spatial dimensions result from burnt patterns iade on polaroid
film, It should be pointed out that this method is not reliable in Jeis.r-
ing laser spot sizes and it is only used to insure that the 10.59 pn spot
size is less than the 1.06 una light at the sample's position. The noria-
lized modulation of the CO2 laser probing beam and the spatial Zistribution
of the Nd:YAG control beam is plotted in Figure 34 as a function of dis-
tance., Clearly, the modulated 10,59 um light follows the shape of tne 1,06
um light indicating a direct transfer of spatial information from one light
source to another. Unfortunately, the spatial resolution is only ahout 2
Tines per millimeter, This, of course, is limited by the control laser's

optics and not the sample's characteristics.
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4, CONCLUSIONS

Several conclusions may be drawn from the hole punping experi-
ments. To begin w#ith, the feasibility of modulation of one light source
by another via the optical Jeneration of carriers in a semiconductor has
been demonstrated. This result provides the basis for a spatial light
modulator for the 10 um wavelength region. Ciose to 50% modulation was
achieved with relatively Tow energy density (6.73 mdcm'z) originating
from the control laser. This suggests that otiner light sources of
reasonable power output could be used as control sources provided tneir
photon energies were slightly larger than the semiconductors' banl-gap
eneryy.

A saturation effsct was noticed in the time-dependent signal wave-
form. This phenomenon is due to the selective particisation of frae
holas in the absorption of 10,59 un radiation. That is, only the portion
of the free holes near the top of the valence band which are located in
the vicinity of the 10.59 un 1ight energy contrivute to direct intra-
valence band transitions, As a result, the attenuation of the £0p lasar
beam was sustained until the non-participating holes on top the valance
band were filled with the decaying free electrons.

4 theoretical fit to experinental data provided an affective 1ife-
time of 4.0 microseconds for the high-rasistivity material used. By the
introduction of additional recombination centers into the lattice, the
carrier lifetime was reduced to 0.55 microseconds. This in turn,
improved the switching time of the light modulator from 15 nicrosecords
down to near 1 microsecond for a modulation depth of 50%., Additional
jold centers should further decrease the switzhing time into the nanc-
second region. As a result, wideband optical modulation may bYe attainad
with gold-doped silicon.
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According to the simple resolution expariments, a resolution of 2
lines per millimeter can be obtained using the 4.0 microsecond material.
Becausa of the inability to provide a well focused control Deam to the
sample, this resolution figure does not represent the sampla's maximun

resolving power., Further experiments are necessary.

An inherent feature of a silicon-based optical light modulator is
its simple structure. An antireflaction coating for the control bean
could improve device performance by reducing control bean energy require-
ments. A tnermally grown silicon-dioxide film could be used for the
Nd:YAG laser [28]. Simple fabrication reguirements are an attractive

feature for spatial light modulator implementation.

Several topics that merit furtier investigaticn have become appar-
ent during the experimental phase of this work. Lifatime studies in sil-
icon are possible with this contactless method. Previous experimental
configurations have relied on fabrication of p-n junctions %) observe theé
decay of the generated carriers. More recently, contactless methods
have been used in which a 10 Gigahertz nicrowave is utilized 45 a
probing signal [35,36]. Because all the semiconductor samples need to He
mounted within a waveguide, these schemes tend to be cumbersome, It i3
believed that the configuration used in this work provides ease of imple-

mentation for lifetime studies.

In addition to contact-less lifetime studies, work should be
directed into identifying and separately measuring the several absorption
mechanisms occuring in silicon near 10 microns. Futhermore, competing
mechanisms associated with the optical generation of electron-hole pairs

and their decay via recombination centers could be studied, Finally,
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SN =E o3

1.06 um light
semiconductor

)2

10.6 um light A<5
spherical mirror

Figure 35 Optical switch configuration based on a
semiconductor crystal. 10 um light con-
trolled by 1.06 um light.
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GaAs
Ge i antireflection
N film for 10.6 .m
' light

antireflection
film for 1.06 .m light

N

Figure 36  Optical spatial light modulator of=2rating near 10 um
light. Germanium film deposited on a GaAs substrate.

85




e e .

valence band structure could be verified with a tunable COp» laser as “he
probing signal. The basic premise in these suggestions is that seni-
conductar processas can be studied in a non-destructive manner with
electronagnetic radiation.

A more detailea resolution study on such an infrared SLM is

required to provide additional! feaasability information. Specifically, 3

standard resolution pattern should be imaged on the surface of the crys-
tal with the help of a lens. In addition, the control lasar's beam
should be collimated and spatially filtered to obtain a clean wavatront.
Furtheraore, the COp laser's probing beam should also be collimated and
filtered. Finally, array detectors iust be employed to cet an accurita

spatial signal from such an infrared SiM.

Several applications are possible with a semiconductor-basad r
optical switcn., The simplest one would consist of a one-dimansianal
optical modulator in which a high-powered Cv COp lasar is controlied by
a pulsed Nd:YAG laser. Large bandwidths are possible if proper
1ifetime-raduction technigues are employed in silicon. Figura 35 snows
a probable arrangement where multiple passes of the controlling Seam may

raduce its energy density requirement.

A nmore complex implementation of a spatial light modulator is
depicted in Figure 36, In this particular instance, a 10 to 20 yn filn
of germanium (Ge) grown or deposited on a gallium arsenide {GaAs) sub-
strate could provide larger modulation depths. This results fron thne
fairly large absorption coefficient of Ge at 1.06 um. OJptical switching
is still bascd in the optical generation of free carriers which would
absordb radiation near 10 um by direct intravalence band transitions. The

GaAs crystal is utilized only as a substrate due to its transparency at
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poth wavelengths of interest.

such a substrate.

In addizion,
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CARRIER RELDISTRISUTION [one dimensicn)

Tne secord order differential z2quation that describes tne gdacay :

electron-nol2 pairs may e statad in its anbipciar form as,

in” n’ $en” .
— = - - + 0. = a1
- B B L2 s Ly
cL T3 Z

wnere n' represents the nunber of 2lactron-hoie pairs peor cubis centi-

metar and Ta and Da represent their ambipnlar lifetime in sezonds ang

(o]
O
3
o1
=
49
v
O
14
[in}
ot
<
[8Y]
—

tneir Jiffusivity in centimeter squarad per se

If tne number of carriers is expressed i35 tne product of tuo inde-

pendent functions,

n“{(z,t) = 2 {z) T(t) L2
we obtain,

st _ L . 1%

T ozt ta & 7324 T
by direct substitution of egquation [3.2) into {3.1). As a rasylz, we ey
write,

2

lé = _CZ '\,—\1.;\

7 5.2

28,
and

1 ¢T U

- = -V e

T 5+ v

23
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wnose individual solutions lead to the overall expression for n” (z,t),

n”(z,t) = (A cos(cz) + B sin(cz)levt (A.6)
where
1
vom ==+ D, (3.7)
Ta
A linear superposition of solutions of the form of equation /2.6)
sJych as,
o«
- - a ‘ - ~ . oAl ) -Vk‘; .
n“(z,t) = . A cos{Tcz) + 3y sin{Ckz) ¢ (~.8)
x=0
and
1
vko= T+ Daly? (3.9
Ta

#111 satisfy the differential eguaticn whera the values of A, 3., ind I,
may be chosen so that the boundary conditions are satisfied by the
super-position,

The surface boundary conditions are,

[92]
3
»

=04 = sn” (xd,t) A.19)

where s is the surface recombination velocity in centimeters per sacond
and 2d is the thickness of the semiconductor slab. Substituting a solu-
tion of the form of equation [A.6) into {A.10) we find that in order to

satisfy equation (A,10) we need to solve the transcendental equation,

Da
ctn(Cea) = =2 (Ga). (A.11)
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0,1,2,3,

“ote that for a very good surface (s = 0), Cxd = «n ashers «

and for a lapped surface (s =) Cd = (2x + 1) = /2 where &

¢,1,2,3...

The thi~d boundary condition provides us with the carrier distri-

Jution as a function of z for time equal zero, {refer to equation

11.26) ;.
, -2a9(z+d Zap{z+d
n”{z,0} = n= w2(z7d) + 17 2\ ) (A12)
wnere,
! i 2
Eau2 * ' ,
ar 2 £’ . (A1)
u,zuﬂ 2 f * ’
3y setting eqguation [A.2) equal to (A.12) we may determine the
coefficients Ay and By. We write,
o LA cos{Cyz) + By sin{Cyz), = a {z,0) fA,14)
k=0

By multiplying both sides of egquation {A.14) by cos{Cyz), integrating
over the entire thickness of tne slab, and using the orthogonality

principal,

d/2
[ cos(Cqz) cos{Cyz)dz = D (A.15)

4

-d4/2

for k # L, we obtain an expression for Ay,
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2Cx ]

%% + 02 204d - sin(2C,d)

-da pd - da od

x [ Cxsin(Cyd) {n+ (14 )+ {1+ )
- d
+ 209 cos(Cyd) {n+ (1= fa2 ) =" (]-ehzd)}] . fa,16)

Similarly, to obtain By, we :multiply both sides of (A.14) by sin (xgz),

integrate, and use the orthogonality principal. As a result, we have,

1 1
B =9 Wi-cz
x T L cos(Cyd) {n+ ”"402d) +n- (1 ,hzd)}
- 2ap sin(Ced) n+ (1ee 02 _- a2y (3.17)
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APPENDIX B
MOBILITY DEPENDENCE ON CARRIER LEVEL

The mobility of an electron or hole within a semiconductor is a
function of three components: the lattice mobility, the impurity scat-
tering mobility, and the hole-electron scattering mobility [26]. Tre
coulomb interaction of the impurity scattering component ard the hole-
electron scattering component are combined in a reciprocal law to give a

mobility ue,

1 1 1
-_— = — 4 — (3.1)
be LR Uhe

where up and upe are the impurity and hole-clectron scattering

mobilities.

The effective mobility is obtained by combining ue and the lattice

mobility ui using a reciprocal law,

1 1 1 1

- —% — (3.2)
u Fooue uL

where the statistical factor F is defined as,

0.0954 + 0,4737 - 0.33322
0.0956 + 0,866z ~ 0,776z

(8.3)
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and,
ui
z = = . 8.4)
T (3.4)
The expressions for uy, upe, and u in cm?/volt-sec are as
follows:
T
2.45 x 1021 == 1+°
300
wp = (8.5)
N an p o ledlx020 0 T 2
) n+p 300
T, 1.5
5 21 —
2.45 x 19 300
dhen = [3.6)
V2o un g . led1x1020 TL 2
i n+p 300
P
Whep = Hhen (3.7)
i -2.4
upp = 480 75, (3.8)
TL -2.5
pLp = 480 300 (8.9)

where N is the doping density, n and p are the free electron and hole
density, T_ is the lattice temperature in degrees Kelvin, and the small n

and p subscripts refer to electron and hole mobilities respectively.
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According to equation (1.39) tne ambipclar diffusivity may be

expressed as a function of the free carrier densities and their respec-

tive diffusivities,

ba = —— (3.10)

Figure 37 shows the ambipolar diffusivity as a function of free-carrier i

density level.
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APPENDIX C

COMPUTER PROGRAM DESCRIPTION

Several computer programs are utilized in this work to obtain
several coefficients from experimental data. In addition, to compare
theoretical and experiinental results the solution of the superposition
that describes the decay of the optically generatad carriers is imple-
mented in a program. All the programs are written in Fortran and imple-

mented in a PDP 11Y¥03-L minicomputer., Double precision and cowplex

aritnnetic are used where needed. A brief description of each progranm is

inclyded. Listings may be odtained on reguest.

The absorption coefficients in silicon at a wavelenth of 1.06um ar2
deternined from an experimental reflection and transmission coefficients
using equations (1.6) through (1.13). The parameter s; is varied until
the computed value for Rg and T, matches the experimental ones. The
coefficients IEEIZ and |E§(2 can then be obtained using equations {1.22)
and (1.23). The aforementioned equations are implemented in programs

TVER.FOR and VER.FOR,

The time-dependent modulation of the COp JTaser signal beam is
theoretically solved in several steps. The elactron-hole density is

first averaged as a function of distance. This facilitates the calcula-

tion of the ambipolar diffusivity which is a function of carrier density
and the hole cross section at 10.59 um. Equations (1.41), (1.42), and
(1.48) are used. Subroutine CKD1.FOR computes the coefficients Ag, B,
and Cx used in equations (1.41) and (1.42); subroutines AVDIFF.FOR and

PARM.FOR compute the average level of carrier density and the ambipolar
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diffusivity respectively. Note that the averaging of the carrier level
is only done to obtain average values for the ambipolar diffusivity and
the hole cross section. Program BIG.FOR finally calculates the attenua-
tion of the CO2 laser probe using an iterative method where a 1.0 um
increment is used. This scheme is used because of the nonuniform

spatial distribution of the carrier density.

In all the theoretical calculations the value for the carrier
lifetime and the surface recombination velocity are adjusted to fit the
experimental results. A lifetime of 4.0 microseconds and a surface

recombination velocity of 1000 cm/second results in the best fit.

The following two program listings are Basic programs originally
developed by Mike Poirier at the ElectroScience Laboratory from The 0Ohio
State University. They have been revised and updated by the author.
These programs are used in conjunction with the Tektronix 4051 micro-

computer and 7912 AD transient digitzer for data acquisition.
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