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Preface

On a national scale, the results of this thesis represent a small

step forward in the understanding of laser annealing of ion implanted

semiconductors. However, the results do indicate that reflectivity may

be better than previous techniques for characterizing the damage profiles

in the implanted substrate. These results would not be possible without

the help of many dedicated professional people.

My thanks go to Messrs. Jim Miskimen, George Gergal, and Ron Gabriel

for their expertise in setting up and operating the necessary equipment.

I would also like to thank Mr. David Walsh for his help in producing a

satisfactory reference mirror. My very special thanks go to Dr. Robert

Hengehold, my faculty advisor, whose expert guidance was always available

F when it was needed.
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My highest praise goes to my wife, Jill. Her constant reassurance
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Abstract

The effect of laser annealing on ion implanted GaAs and Si has been

assessed using optical reflectivity spectra. The spectra were recorded

over the range of 21001 to 45001 and reflectivity peaks were obtained

near 24001 and 41001 for GaAs and 27001 and 37001 for Si. The magnitude

of these peaks was then observed as a function of annealing parameters.

Laser annealing was carried out using a 30 nsec ruby laser pulse. The GaAs

samples were implanted with 120 KeV Te at a fluence of 10 ions/cm ; Si

samples were implanted with 30 KeV In at a fluence of io15 ions/cm2. The

reflectivity spectrum of implanted GaAs was found to return to that of the

unimplanted materials at an annealing energy density of approximately

0.35 3/cm2 whereas the spectrum of Si was found t~~approach that of the

~unimplanted sample at energy densities of 1.34 3/cm
2. The values

obtained compare well with those obtained from other diagnostic techni—

ques.
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I Introduction

~ I A key part in today’s Air Force planning is the versitility, reli—

•
~ I 

ability, and size of electronic equipment. Semiconductor technology has

greatly improved the versitility and reliability, and decreased the size

of electronic components. However, to meet the needs of the future, the

Air Force will need even more sophisticated, more reliable, and smaller

electronic packages. To meet the needs of the present and future, better

p and n type layers and p—n junctions are required.

The formation of the above junctions depends upon the purity, con—

centration, and distribution of dopants added to a substrate. Two

coixionly used substrate materials are Silicon (Si) and Gallium Arsenide

(GaAs). There are several methods of doping the substrate materials, such

r as: (1) crystal growth from a doped mixture, (2) thermal diffusion of the

dopant into the substrate, (3) producing a dopant—substrate alloy in the

substrate, and (4) ion implantation.

~~
• 1 Ion implantation is an especially attractive doping scheme since it

is the only process that introduces a pure dopant into the substrate. The

implantation process also allows control over the dopant profile in the

substrate and a more precise control of the dopant dose. However, the

implantation process does have drawbacks. Upon implanting the surface of

the crystal, the long range order in the doped layers of the crystal is

destroyed, and it is this order that produces the desired electrical pro—

V perties of the semiconductor. Thus the implantation damage must be

repaired.

The repairing of the damaged layers in an implanted crystal is

called annealing. Presently, two types, thermal and laser annea ling, are

1
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proposed. Thermal annea ling of ion implanted layers, while successful,

has its drawbacks. It is time consuming and can change the dopant pro-

file. On the other hand, laser annealing is very fast and could possibly

V do a better job of annealing the surface of the crystal than the thermal

process.

The purpose of this thesis Is to study the regrowth, or repairing,

of the ion implanted regions in Si and GaAs using optical reflectivity

measurements. Contained in the following sections are discussions on

Implanting and annealing crystals, why optical reflectivity should be a

good tool to study the regrowing process, experimental set up and p~&roce—

dure, results and conclusions, and finally, recommendations. Several

graphs of the reflectivity, R(w) , as a function of the frequency of the
-
, - 

incident light, O~, are presented for several different conditions for the

crystal. Also, a comparison of the changes In R(0) as a function of laser

annealing energy density is compared to changes in other parameters of the

crystal such as the extinction coefficient and electrical activation.

2
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II Theory

~• L Ion Implantation

Of the several doping methods for semiconductors, ion implantation

seems to be the best. Only this method allows a pure dopant to be intro—

duced into the substrate and precise control of the dopant profile.

H The Implantation process requires that ions of sufficient momentum

collide with, and stick in, the lattice of the crystal. For the dopant

ions to stick in the lattice, they must undergo inelastic
V 

collisions with the atoms of the crystal, transferring their kinetic

energy to the crystal lattice. The inelastic collisions occur when the

lattice bonds are broken, displacing an atom from its regular lattice

position, or when collisions between the substrate atoms and the dopant

ions causes the substrate atoms to oscillate, heating up the crystal.

Thus, by undergoing several collisions, the dopant ion loses all of its
‘S

• - 

- kinetic energy and stays in the substrate. However, for the dopant to

reach any depth in the crystal, a fairly high momentum ion must be used.

High momentum ions can be produced with a medium energy ion accel-

erator. In the accelerator, a plasma of the chosen dopant is formed and

the ions are accelerated to kinetic energies of 10 to 100’s of KeVs.

This beam is then separated into its component parts using a charge to

mass ratio selector. Since the charge to mass ratio of an element is

unique, then only those nuclei with the proper e/m ratio will be passed

through the selector. This selector could be as simple as a magnetic

field lying perpendicular to the velocity of the ion beam. By adjusting

the magnetic field, the angle of deflec tion for any c/ rn ratio can be

varied and the needed dopant ions brought to bear on the substrate material.

3

V 
~~~ V -•,- --~~~~~~~~~~~~ .V -_



‘ ~~~~~~~~~~ -.~-~--—-~~~~-—- ______ • . V - - -

/

This, and other types of selectors will exclude all other types of ions

from striking the crystal due to the uniqueness of the e/m ratio for each

nuclei.

By controlling the energy of the ion beam, hence the momentum, the

depth of average penetration into the substrate is controlled. The con—

centration, as a function of depth in the substrate, will assume the form

of a gaussian. The position of the peak concentration can be controlled

by adjusting the momentum of the incident ion (Ref 1). Also, the total

• number of ions, d, can be controlled by knowing the current density of the

• ion beam, 3, and exposure time, t , of the crystal to the beam such that:

3d(ions/cm ) qJ(iona/cm —sec)t(sec) (1)

Where q is the sticking efficiency, or percentage of incident ions that

remain in the substrate. Thus, the dopant purity, dose, and density pro-

file in the substrate can be controlled.

However, the implantation process damages the surface layers of the

crystal. Implanted ions rarely go into a substitutional site, therefore

• greatly increasing the number of scattering centers in the lattice. This

increase in scattering centers does, at sufficiently large doses, destroy

• all long, and even short, range order in the crystal, producing an amorphous

like layer in the implanted region (Ref 2). Destruction of this long range

order seriously affects the normal properties of the crystalline substrate,

hence, this order must be restored.

Annealing

To restore the normal crystalline properties, the long range order

must be reestablished in the doped layers. This process is called

4
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annealing. Annealing is done by heating the damaged area such that the

atoms have sufficient energy to move, allowing the dopant atoms to occupy

substitutional sites, while allowing the substrate atoms to stay in normal

lattice positions.

Thermal annealing is a process in which the entire crystal is heated

in a high temperature oven. Implanted Si is reported to have little damage

after thermal annealing (Ref 3). However, temperatures of upwards to

10000 C for one hour are sometimes needed for complete thermal annealing.

At these temperatures an inert atmosphere is needed to avoid gross con-

tamination of the crystal. Also , the annealing periods allow ample time

J for the dopant to diffuse into, or out of, the crystal, changing the dopant

profile.

Laser annealing is another means of repairing the implantation damage.

The damaged layers could be adequately heated by a sufficiently energetic

laser beam. The very fast surface heating with the laser implies that the

entire crystal does not have to be heated, thus preventing diffusion of the

dopant deeper into the crystal. With only the surface heated by the laser,

the rest of the crystal can act as a heat sink, therefore rapidly cooling

the surface and not allowing the dopant time to significantly diffuse out

of the crystal (Ref 4). With these shorter melt times, 10 — 100 nsec,

there should be little time for oxidation. Thus eliminating the need for

an inert annealing atmosphere.

There are, however, conflicting reports on the success of laser
V 

annealing. Reported Rutherford backscattering (R.BS) measurements show a

significant regrowth in the amorphous layer in ion implanted , laser annealed

Si with 60% of the dopant occupying regular lattice positions (Ref 4)-.

Yet, weak spectral lines from cathodoluminescence of GaAs imply that the

5
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number of nonradiative centers is high, indicating that the regrowth in

laser annealed, ion implanted GaAs layers is not complete (Ref 5).

Although RBS indicates the order has been restored in the lattice, it

is not sensitive to deftcts such as vacancies, clusters, etc., like cath—

odoluminescence. Yet, for cathodoluminescence to be efficient, a high

degree of crystalline perfection is required. Therefore, an experimental

technique that is more sensitive to crystalline defects than RBS , but not

• as sensitive as cathodoluminescence, is implied for studying the regrowth

of the implanted layers.

-~~~~~ Recent studies of the change in the extinction coefficient of the

complex index of refraction of ~.on implanted, laser annealed GaAs has

shown a correlation between the regrowth in the damaged layers and the

onset of electrical activation (Ref 6). Since the reflectivity spectrum

of a crystal is dependent upon the extinction coefficient, changes in this

coefficient should produce changes in the reflectance spectrum, as we

shall show later. Therefore, reflectivity should be a useful tool in

studying the regrowth of the damaged layers.

Reflectivity

The reflectivity, R, of a substance is defined as the ratio of the

reflected, ‘r’ to the incident, 10, intensities from a surface such that:

R~~~Ir/ I o (2)

Fresnel showed that the reflectivity for non—conducting media has the

• form
ncosO —n cos6 2
2 i 1 t (3)— 
n2cosei+n1coset

6
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n cosO —n cosO 2
2 1 i 2 t (4)( R ,, — —

[ where and are the angles of incidence and refraction; n2 and n1 are

the index of refraction for the absorbing and surrounding mediums; and H

and ..L~ refer to the components parallel and perpendicular to the plane of

incidence, respectively. These equations are derived by applying the

appropriate boundary conditions to electromagnetic fields at the common

interface of the two media, separately for each direction of polarization.

Since these equations are derived using the linear relationships between

field vectors, then for a conducting media the equations have the same

form . Thus the index of refraction for a conductor must be known.

The general equation for propagation of electromagnetic waves through

a medium of finite conductivity is

2 - •

— 0 (5)
t

where E is the electric field, C is the conductivity, U is the permeabi—

lity, and C is the permittivity of the medium (Ref 7). A similar equation

can be written for H. Assuming a monochromatic plane wave of angular fre—

quency, ~~, the solution takes the form

E — E0exp [i4)(t—x/v) J (6)

where v is the velocity of the wave in the mediuin,putting Eq (6) into

Eq (5), we find that

1/v 2 
— ~i (e— ia/c& ) (7) 

V

7
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If we want the relationship v — c/n to hold, then n must be complex, thus

we def ine

~~— n +ik (8a)

where n is the index of refraction, k is the extinction coefficient and

both are real. Other relationships can also be taken as definitions, i.e.

— 

~~~~ 
Km j 1~

, Ke — (8b)

where c is the speed of light, 11~ 
and are tl~e free space values, K~ 

is

the relative permeability, and Ke is the relative permittivity. Using

these relationships along with Eqs (7) and (8a) we get

— n2—i2nk—k2 — ~~(K— io/C~~) (9)

For non—magnetic material K — 1, and Eq (9) becomes

V 

I 

— K —iCI Col (10)

• Equating real and imaginary parts we find that

— K (11)

and

2nk — a/C m (12)

By using Eq (12), we can write n in terms of k and get a quadratic in n2

A similar equation can be written for k2 and we can solve for n and k

where : V

8 
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2n2 Ke [1 +~~ + (13)

and

2K2 
- K 1 +~/ ~+ 

(
~~~~

)

2.] (14)

Thus we know the complex index of refraction for a conducting media, and

- •• 
Eqs (3) and (4) become

(n+ik) cose~
_n

1cosB~ 
2

R L — (n+ik)cosOj+nicosO
~ 

(15)

and 
2

• n cosO —(n+ik)cose
— 

nicos6j
+(n+ik)cos6

~ 
(16)

and is related to et by Snell’s law.
From Eqs (10) , (13) ,  and (14), it is clear that in a conducting

I I medium, fi is a function of ~~~, implying that R is also a function of o .

To understand ~ — ft (~), we must look inside the crystal, to find the rela— j
tionship between the fundamental electrical properties of and the optical

dispersion in a conducting media.

Dispersion in a semiconductor arises from bound and free electrons.

The free electrons contribute primarily to the long wavelength absorption

bands and the bound electrons contribute to the absorption at energies •

higher than the fundamental absorption edge , the region of interest in this

experiment .

- - • V -•
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The motion of the bound electron can be described by the classical

Lorentz oscillator. Consider a collection of similar charges bound in a

linear , isotropic , and homogeneous crystal lattice. Thus , there are no

preferred directions of motion for the electrons. Therefore, the elec—

tronic motion will always be in the direction of the applied field and

• hence we only need to work with the amplitude of the displacement. Given

a local field of the form

E — E0exp(—icitl 
(17)

the motion of the system can be described by the equation

~~~~~~~~~~ + + ~~
2r — —eE (18)

t

where m, w , and e are the electron’s mass, resonant frequency, and charge

magnitude, respectively. The term nc~(dr/dt) is an energy loss mechanism.

Two approximations have been made in Eq (18). Since the electron works
V 

against the entire crystal lattice, the mass of the nucleus is assumed

4. +
infinite. The small force ev x B/c is neglected, since the velocity of

the electron is small compared to c (Ref 8). Assuming a periodic displace—

ment , the solution to Eq (18) becomes:

r — ~~~(Ci
2-o

2
—iyCa3)~~~ (19)

Thus the magnitude of induced dipole moment , p, is

— ~~~~~
2
~~

2—iy~)~~ 
(20)

10
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If the electrons are considered to be associated with the molecules of a

dielectric , such that there are N oscillators per unit volume, the dielec—

tric may be modeled as a collection of dipoles with an average dipole

moment per unit volume, P:

P N<p> (21)

To relate the microscopic atomic polarizability to the macroscopic polari-

zation, the relationship between the microscopic local E field and the

- 
• macroscopic incident E field must be known. Except for ideal cases , this

is a considerably complex problem. For our treatment , we will assume a

small displacement in r which will allow us to equate the incident field

to the time average of the local field (Ref 8). Thus , from Eqs (20) and

(21) , it is seen that the polarizability is complex , with an energy loss

mechanism. This implies that t, £ , and are no longer in phase . Thus ,
+D must be generalized to a complex form:

+ + + +
D— CE— E+ 41TP - 

V
(22)

Now from Eqs (20), (21), - and (22) we have that

V 4~JrN 2
e — 1 + m

e (ca 2- 2—iyU)~~ (23)

where ~ is the complex dielectric function.

Also, ~ can be written as

6 — £
1+iC2 

— e n 2 
— c0(n+ik) 2 (24)

in an isotropic media (Ref 9). Thus equating real and imaginary parts in

4 Eqs (23) and (24) we have

11 
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, -1

2 2 ~~~e
2 (w 2—ü 2)

• V c1 — n —k — 1 + ~, , ~, , , (25)
-~~ m (~~-ca3 ) +y c~- 0

4~~~2

- £2 — 2nk — 2 ~ 
(26)m (w- -~~) + y~w”

-
- 0

Now consider the crystal to contain j different oscillators, f~ in number,

with characteristic constants, and Then the total effect is the

sum of the individual contributors, and Eq (23) becomes

-
~ 4~~2~~~ f N

~~— l +  : ~ 2 2 (27)
• - -

~ 
j (~~—co )—iY~w -

1.1 
~Nj  N (28)

Eq (27) is the fundamental result of classical dispersion theory. If one

applies a rigorous quantum mechanical analysis to the system, an identical

~~

- I equation results, with different physical interpretations to the constants.

In the quantum mechanical approach, is the transition frequency between

two states separated by in energy, and f~ is the oscillator strength,

or transition probability, for the electron . Now , for a single oscillator,

consider the frequency dependence of £
~ 
and £2~ n and k , and R , at normal

incidence, shown in Figures 1, 2 , and 3, respectively , for 1flc&~, — 4eV, 1~y —

• 1ev , and 4 irNe2 /m — 60 (Ref 8). Notice in Figures 2 and 3 that as k increases ,

so does the absorption and reflectivity. Thus , as the electrons start to

absorb the incident radiation, they are excited , start a harmonic reso-

nance, and reemit the incident radiation . Therefore, the reflectance

reaches a peak value near the resonant frequency If f~ is not the same

12 
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for all oscillators , then some frequencies will have stronger absorption

and reflectance than others , hence a reflectance spectrum (Fig 4).

Since the periodic internal field of the crystal is responsible for

the band structure and reflectivity spectrum, optical reflectivity should

be a good tool to measure the regrovth of the amorphous layers. As the

implantation ruins the long range order , there are smalle r areas in the

crystal with enough order to retain R(w) of the original crystal. As the

dopant dose increases, the reflectance of the amorphous surface starts to

superimpose itself on top of R(U ) for the crystal . At high doses there is -•

no longer enough order in the crystal for R(Cü) to be detected. As the

crystal is annealed , then R(cü) starts to reappear as order is reestablished

in the implanted layers. As annealing continues, R(~) will be more pro—

nounced until the crystal is fully annealed and R(CU) for the implanted

lattice looks identical to that of a virgin , or unimplanted , sample.

Problems do arise in R(Cü) measurements due to thin film interactions

on the crystal surface. Avoidance of these films is not a trivial task,

since exposure to the atmosphere can form oxide layers. Thus, some mea—

V surement of the R(~ ) curve must be found that looks strictly at the

crystallinity, not surface effects. One possible parameter is relative

peak height . Comparing the peak to valley difference in R could give a

measure of the crystallinity. As this difference increases, so does the

order in the crystal .

Miyao, et al (Ref 2), describes a damage criteria , D , such that

D — 0 for a crystalline sample, and D — 1 for an amorphous sample. The

damage to the surface of the crystal is given by

Ii 13
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(R~—R5 /Rc_ (Rs_Rs) /R5
2 1  (29)

(R~—R~) /R~—(R~—R~) / 4
where R~ and K2 denote the reflectance at the peak and valley of a crystal,

respectively . Superscripts c and a represent the standard samples for

• crystalline and amorphous layers, and a represents the sample under inves—

tigation. For Si, R~ and R2 
are at 275.5 nm and 330.0 nm, respectively ,

V and for GaAs, R1 and R2 are at 246.5 urn and 310.0 nm, respectively. Thus,

I 

V 
D should represent a damage parameter which is sensitive to the crystal—

u nity of the sample , and yet relatively insensitive to surface films.

However, the value of D is good only for the depth that the incident beam

attains in the crystal.

• The intensity of a wave travelling through a conducting media is V

described by the equation

f — 4 ~k 1I — 

~o~~~[ x (30)

where x is the distance in the medium and A is the wavelength of the

L travelling wave (Ref 10) . For GaAs, the depth of penetration of I
~ 
is

6 nm at A 248 um. Hence , the crystallinity, measured by Eq (29) , of

V the sample is for only the first few layers of the crystal. By redefining

in Eq (29) to correspond to a peak in R(~) at a longer wavelength , the
p 

crystallinity of the sample could be measured at a deeper distance.

Hence, this damage parameter will be used to look at the regrowth of

the amorphous layer with increasing energy density, Ed~ 
of the annealing

laser beam. Therefore, as Ed increases , then D should decrease until a

full anneal is achieved . If it is possible to get Ed high enough, then

14



V 
- - 

V V -

- 

V V V~~ - _ V V - V V~_ V _ ~~~~~~ 
- 

V V 
- ~~~~~~~~~~~~~~~~~~~~ -

I 

V

damage to the crystal surface from the laser should be possible, thus

( bracketing the optimum value for Ed for complete, or best, one shot

annealing.

- Previous reflectivity studies of ion implanted Si show that with

increasing dose, the structure -in R(O)) disappears (Ref 3). Also, D

V increases with increasing dose up to fluences of 5 x iol4 ions/cm2 where

D — 1 and the implanted region is completely amorphous (Ref 2). Upon

thermal annealing, R(c~) ,  for implanted Si, regains most of its structure

and, under proper annealing conditions, is identical to R(c~) for a virgin

sample (Ref 3). Kim, et al (Ref 6) ,  has found that the extinction coef—

ficient, k, for laser annealed, ion implanted GaAs comes to within 0.2 of

the value of k for thermally annealed implanted GaAs at annealing energy

densities of 0.2 J/cm2. Electrical activation was also found to start at

annealing energy densities of o.3 3/cm2 for implanted GaAs (Ref 6). Hence,

changes have been observed in the reflectance spectra of thermal and laser

annealed ion implanted samples.

p
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III Apparatus

Since R is defined as the ratio of the reflected to incident inten—

sities from a surface, it is necessary to be able to measure both 10 and

~r 
Furthermore, to avoid the problems associated with the variation of

R with angle of incidence, this angle must be small enough so that one can

neglect the 9 dependence. In this case (near normal incidence) the

reflectivity becomes:

i 
R 
(:
~::)2 (31)

V - where n1 and n2 are the index of refraction of the surrounding and

absorbing medias, respectively. If the angle of incidence is kept below

10°, this approximation is valid.

The traditional method of measuring R(O)) over a wide range is to

take two spectra, one for 10 and the other for I~, and do a point by point

division to obtain R(ct). However, a direct readout of R(0) would greatly

~~V V i speed up data taking. This could be accomplished if one had a system that

could simultaneously measure 1
~ 

and ‘r’ and then electronically divide the

V 
- signals. The major problem with this approach is the measurement of 10 and

One possible method would involve two detectors, one for I
~ 

and the

other for 
~r’ 

but this scheme requires that both detectors have exactly

identical spectral responses. A better approach would be to use a single

V detector mode of operation.

- 
10 and ‘r can be measured by a single detector if the incident light

beam is chopped. In this method, a highly reflective mirror and the

V sample are mounted on a spinning disk (Ref 11). As the disk spins,

reflected light from the sample and reference mirrors alternately illuminate

19
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the detector. Thus the output signal from the detector contains 10 and

in an alternating fashion. Thus, to complete the measurement, this

output signal must be resolved into its incident and reflected components.

This is easily done by the use of two boxcar integrators.

A boxcar integrator is a device composed of two parts, an enabling

gate and a signal integrator. The whole system is capable of measuring an

input signal for a specified length of time, at a given time, integrating

the signal measured, and then producing an output which is the average of

the signal for the enabling time. If the input signal is periodic in time,

then the boxcar can be used to take several measurements at the same posi—

tion on the input signal and produce an average value as the output. Thus

by adjusting the enabling gate properly, the integrator can be used to V

sample a given portion of a signal at any point on the signal. As a resu t,

10 and tr can be measured by individual boxcars if they are properly[ enabled (Fig 5).

In order to have a reliable value for 1
0 , care must be taken in pre—

paring the reference mirror. First, a suitable coating must be chosen.

This reflective coating must have a relatively flat reflectance spectrum

over the wavelength range in question. Aluminum seems to be the best

choice for wavelengths between 200 and 500 run. Its reflectivity curve

varies by only 1% in this region and has a relatively high absolute ref icc—

tivity, approximately 92%. However, not only is the proper choice of

materials important, but so is the method of deposition of the reflecting

film. Too thin of a film will be partially transmissive at lower wave— V

lengths, giving erroneous readings. Thus, for aluminum, a 100 nm thick

layer, on glass, is required for an opaque film . The glass surface must

be cleaned in an ultrasonic bath of Chromic acid for at least one hour

20
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or the Al will not stick properly. Also, since Al oxidizes rapidly, and

200—250 am radiation enhances oxidation, a MgF2 coating of 25—30 am thick—

ness is needed to preserve the mirror (Ref 12). If these precautions are

taken, then an Al film mirror will reflect a suitable reference beam.

A modified version of a ref lectometer designed by D. Beaglehole was

used for all measurements (Ref 13). Figure 6 details the experimental 
V

V 

layout. The Deuteriuin and tungsten lamps were used to provide the m ci—

dent light for the monochromator. Although the Deuteritim lamp’s spectrum

is not structureless, any rise in I~ is accompanied by an equal percentage

V - rise in I and the ratio of the two remains constant. The tungsten and
r

Deuterium lamps were used to provide light from 450 to 380 am and from 380

to 210 rim in wavelength, respectively. The monochroinator was of the Seya—

Namioka mount design, equipped with 650 Pm slits and a Bausch and Lomb

V grating with 1200 grooves/mm and blaze wavelength of 70 am. The monochro—

mator output was focussed onto the spinning sample disk of the rotary device

~ 1V by the use of mirrors Fl and Si. The rotary device is a trigger mirror and
I I

V sample holder mounted on an a.c. synchronous motor (Fig 7). The sample

holder contains the reference mirror, built as earlier described, and the 
V

sample. Mirrors S2 and F2 were used to image the reflected beam from the

sample disk onto the photomultiplier tube. The output from the PMT was

amplified and shaped by using the Keithley and Molectron amplifiers. The

differential integrator combined with the dual pulser makes up the two box-

car integrators. The differential integrator contains two separate inte—

grators and normally produces an output which is the difference between the

two. However, for this experiment, the differential integrator was operated

as two independent integrators. The dual pu].set was used to provide the 
V

two enabling pulses for the integrators, thus separately measuring 10 and

21
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The integrated values for 10 and ‘r were then divided by the use of

the multiplier/divider unit and the ratio, Ir/los was plotted on the X—Y

recorder.

A trigger pulse was obtained from a photodiode used to detect a

reflected light pulse off of the trigger mirror. The trigger mirror was

illuminated by the use of the HeNe laser. The resulting pulse from the

photodiode was used to trigger the dual pulser to produce the properly

delayed enabling pulses, thus synchronizing the timing of the boxcar late—

grators with the motor . The timing between the PMT signal and the enabling

pulses was monitored on a Hewlett—Packard Model l22OA Oscilloscope.

With this system, a change in R(03) of 2% can be detected, and an

absolute value for R(~) is accurate to ±1%. These values were obtained

by taking several spectra of undoped, compensated GaAs crystals. Assuming

that the crystals had identical reflectance spectra, the standard devia-

tion of the signal, at 10 am intervals, for the entire spectral region was

V computed. Standard deviations of less than 1% in R(w) can be obtained for

V a single crystal for one complete data run. It is this single data run 
V

error that i8 presented on the R(0 ) curves . However , run to run incon-

sistencies will increase this error to the aforementioned 1%, and must be

taken into account when reviewing the data. The main source of noise in

this system is instability in the Molectron integrator. Hence, a continuous

reflectivity spectrum can be obtained to within an absolute value of ±1%.

V However , due to the large error, fine structure in R(Cü) is lost, and only

the major peaks can be observed.
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IV Procedure V

Data Acquisition

Data on R((O) was collected in the following manner. The prepared

sample was mounted in the sample holder with equal size apertures , 3 mm

in diameter, covering the reference mirror and sample. The angle of

incidence for I
~ 
was set at 70 and the sample holder was rotated at 25 Hz. V

The PM’r, at a —1250 V, had its dark current suppressed to zero, using the

noise suppression on the Keithley amplifier. The dark current, 1ds’ must

be suppressed or it adds to the signal current, I and I , of I and

‘r’ producing erroneous data since

I I 1+ 1
V V r rs rs ds

V R(O)) — r- r- 
~ ~ +1 

(32)
V o os os ds

The Deuterium lamp was positioned at the entrance slit of the mono—

chromator such that the grating was fully illuminated, and the exit beam

I i was centered on the reference mirror and- sample aperatures. By monitoring

•
~ I 

the output from the PMT and the enabling gates on the oscilloscope, these

gates were positioned at the peaks of ‘rs and ~~~ respectively, for each

integrator (Fig 5). A 0.15 msec enabling gate time was used for each

integrator, with a 17 msec time delay between the two gates. The RC time

constant was equal for both integrators and RC 10~~. The input signal

size to the integrators was limited to V

l.OV £. < l0.OV (33)

V where 
~~ 

is now in volts. If Ii,, is greater than 10.0 V, the integrator

viii discharge, and when ~~ is less than 1.0 V, it i. below the minimum
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signal value for reliable operation of the multiplier/divider unit. Hence,

these limits must not be exceeded. Within these operating limits, the out-

put produced by the multiplier/divider unit is proportional to R(w). For

maximum resolution of R(CU) the Y axis on the X—Y recorder was adjusted to

give a maximum deflection, without pegging, at the maximum value of R(w) in

the spectrum. The X axis of the X—Y recorder was driven at 1 inch/lOO sec

and the monochromator was scanned at 10 nm/mitt, always starting at 210 am.

Four data runs, from 210 am to 380 am, were made consecutively, with

V the Deuterium lamp. The tungsten lamp was then used to make four data

runs from 380 am to 450 run, completing the data set, producing a continuous

plot of R(~) versus wavelength. Care must be taken in positioning the

lamps. A change in lamp position changes the position of the monochrom—

ator’s exit beam on the sample disk, which would result in false readings.

Therefore, for run to run consistency, the lamps were repositioned in the

same place. For precise wavelength calibration, a tick mark on the R(w)

curves was produced every 10 am by the use of an event marker on the mono—

chromator.
V 

Absolute values for R(o~) at any point on the graph can be obtained

if R(c&) at one point is known, and the reflectivity curve of the reference

mirror is taken into account. Since it is changes in R(~) that we are

looking for, not absolute measurements, the reference mirror interaction

with R(ci) will be neglected. This can be done since the change in reflec—

tivity of the reference mirror over the spectral region in question is 
-

less than 0.5%, and falls well within the error of the data. Thus, with

the reference mirror taken as a standard, R(co) at a single point is needed
V 

to finish the data run. This is accomplished by shutting off the motor and

taking a d.c. measurement of trs and ~~~ 
and taking the proper ratio to
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give R(w). This d.c. measurement of R(c~) was made at 380 am for each

spectrum, and was taken to be the value of R(~) at 380 am. This value

was assigned to the average height of deflection, at 380 am in the data.

V Therefore R(ci) can be obtained at any point on the reflectivity curve

since a linear increase in R(c~) produced a linear increase in the data.

The standard deviation in the signal height is reported as the standard

deviation in R (ü ) .

Even though a continuous reflectance spectrum is produced, only the

values for R(w) at 10 am intervals were calculated and plotted. No loss

in resolution of R(ci~i) was suffered since the size of the error already pre-

sent in the data obscured any fine structure in R(w). After R(~) was

plotted, the values for D, the degree of damage, were then calculated from

V the average values at R(c~) at the proper wavelength. The error in D, as a

function of the error in R(~), was calculated and found to be ±10%.

Laser Annealing

V The virgin Si and all GaAs crystal surfaces were grown by the Bridg—

man method. The implanted Si substrate was an epitaxial layer, grown on a

V Si base. The GaAs surface was in the (100) orientation and the Si surface

was in the (ill) plane. The implantation was done at normal incidence to

the surface, as was the laser annealing. 
V

The virgin samples were prepared for annealing in the following

manner. For GaAs , the crystal was dipped for one minute apiece in UC1,

R20, a 3:1:1 ratio solution of H2S04: H20: B202 (30%) ,  p2°’ and dehydrated

ethanol, in that order, then blown dry. The HC1 was used as a surface

V cleaner, the B2504 was a strong etch, the H20 was a wash between solutions,

and the ethanol was used so as not to leave a residue film upon drying.

V 

The Si was dipped for one minute each in HF (48%), 1120k and dehydrated
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ethanol, and then blown dry. The HF was used to clean off the surface

layer of Si02, and the H20 and ethanol were used as in GaAs . All baths

were at room temperature. This cleaning procedure was found to give the

best surface for laser annealing (Ref 13). However, implanted samples

V 
were prepared differently from the virgin samples due to uncertainties V

in the chemical reactions of the implanted layers. Both the implanted
V

I.
GaAs and Si were washed in dehydrated ethanol and blown dry just prior to

laser annealing.

Iiiuediately after the sample surface was prepared, the sample was

laser annealed. The annealing was done with a Holobeam Q—switched ruby

laser. The annealing beam was 30 nsec in length, with X 694.0 nm, a

beam profile as given in Figure 9, and was symmetric about r — 0. The

sample aperture was always positioned over the part of the crystal that

was under the portion of the beam denoted by A9.

V V Surface Eff ects

In absolute measurements of R(C)), surface preparation is of para—

V 

mount importance. Even looking for changes in R(C&)) is difficult if a

surface film is changed somehow. Thus, to determine the effects of laser

annealing on surface films, the following procedure was used.

R(Cs)) was obtained for a virgin sample of GaAs with no surface pre— 
V

paration and for the same sample after treating the surface in HF (48%),

rinsing in H20 and dehydrated ethanol and blown dry. The reflectance

spectrum of the HF cleaned sample had undergone a percentage increase

when compared to the untreated sample (Fig 10 and 12). However, the ratio

of th. peak to valley reflectivities remained constant for both samples,

within the error of the spectra. Also, the values of D for both samples

29 V
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were within 0.05 of each other, when taking one sample as the reference

crystal and the other as the sample crystal. It was concluded from this

that D was a good measure of the crystallinity of a sample and was insen-

sitive to surface films. However, if the thin film present was affected

V by laser annealing, this could cause problems in the measurements of D.

To check the change of the surface films on D, two virgin GaAs

crystals were laser annealed at different energy densities, Ed, one at

0.39 3/cm 2 and the other at 0.69 3/cm2. R(Ca) was obtained for these two

samples both before and after treating the surfaces with HF. R(U~) for

both untreated annealed samples were identical, but had undergone a per-

centage rise in reflectivity from the untreated unannealed GaAs spectra
V 

(Fig 12 and 13). Upon cleaning the samples with HF, their respective

V 
reflectance spectra suffered another percentage increase in reflectivity V

from the untreated spectra. However, both laser annealed spectra were

V still identical to each other and to that of HF treated, unannealed GaAs

(Fig 10 and 11). Degree of damage parameters were calculated for all four

V V spectra. D values for both samples were within 0.1 of each other in both 
V

the cleaned and uncleaned cases. The 0.39 3/cm2 samples’ value for D V

changed by only 0.1 due to cleaning the surface, and the same was true

for the 0.69 3/cm2 sample. Therefore, it was determined that to within V

a change of 0.1, that D was insensitive to surface films. Also, it was

concluded that the surface film on GaAs was not greatly affected by

changes in Ed of the annealing beam. Thus, all implanted GaAs samples

were not cleaned in HF prior to measuring R(~).

The same procedure for virgin Si was followed, with similar results.

Virgin unannealed Si cleaned in HF showed a percentage increase in

reflectivity over an uncleaned sample. This increase in R(cü) is due to

30
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removal of the Si02 layer that forms on the sample when exposed to the

( atmosphere. Upon laser annealing, virgin Si , all cleaned in HF, showed

a percentage drop in R(cü) over cleaned unannealed Si samples. However, V

the drop in R(~) was constant for all annealing energy densities. R(w) 
V

for energy densities of 0.95 and 1.48 3/cm2 were identical (Fig 18 and

19) and their associated degree of damage parameters were within 0.07 of

each other. Hence, since Si does form an oxide layer easily, this layer

V was removed by a HF bath prior to mounting the sample in the system. How—

ever, laser annealing at different energy densities showed no change in

R(w) as a function of Ed. Therefore, prior to mounting in the sample

holder, samples of GaAs were not treated with anything, and the Si samples

were dipped in a HP bath to remove any Si02 formed on the surface.

-
- 

V

I~ 
V

V U  
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V
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V Results and Conclusions

Gallium Arsenide

R(~) for virgin GaAs, unannealed and uncleaned in HF, is shown in

Figure 12, where the error bars represent the standard deviation in the

V data as described on page 28~ Unless otherwise noted, the samples were

prepared as described in the previous section. The E2 peak, at 246.5 nm,

is very well defined , however the E1 + 
~l 

and E~ peaks, at 400.0 and

-~ 
-~ 275.5 am respectively, are not resolved. Thus for convenience, only the

E2 peak and the E1 peak, at 430.5 am, shall be referred to in further

V discussion.

V Five virgin samples were annealed at various energy densities to

V 
determine the effect of laser annealing on GaAs. The resulting R(cü)

curves provide a reference for what R(u~) for annealed implanted GaAs

should look like, with proper annealing. Energy densities, Ed, of 0.39,

0.51, 0.64, 0.69, and 0.74 J/cm2 were used. R(c&) for all samples, except

the 0.74 J / cm2 sample, were identical after annealing. A percentage

increase in R(co) of these annealed samples, when compared to unannealed

GaAs, was observed (Pig 12 and 13). However, upon cleaning the unannealed,

0.39 and 0.69 3/cm2 samples in HF, their respective R(Q) values were

identical (Fig 10 and 11). R(c&) for the 0.74 3/cm2 sample, however, was

quite different from the other samples. E2 was no longer the predominate

peak and the absolute value of R(o~) was greatly reduced. Examination of

the surface under a microscope shoved extensive cratering in the surface

(Ref 13) .

A plot of the damage parameter, 1), versus Ed, is shown in Figure 22, 
V

with the unannealed virgin sample used as the crystalline ref ~rence. A
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slight increase in D is shown for all samples, except for the 0.74 3/cm2

sample. This increase is approximately a constant for the samples

V 
annealed with energy densities of 0.39 

~~
. Ed ~ 0.69 3/cm , with an average

increase of 0.19. The 0.74 J/cmn2 sample suffered a severe increase in D,

where D — 0.58. For energy densities between 0.39 and 0.69 3/cm2, the

percentage increase in R(~) and constant increase in D was not attributed

to changes in the crystallinity. Since cleaning in HF showed that the

R((~) curves for annealed and unannealed virgin samples were identical (Fig

V 
10 and 11), the above changes are attributed to a change in the surface

film by the laser beam. In the 0.74 3/cm2 case, however, the very drastic

change in R(O)), D, and the cratering of the surface, is attributed to

changes in crystallinity, along with a high degree of surface damage.

Thus, annealing energy densities of 0.74 3/cm2 or greater is detrimental

to the crystalline surface and should be avoided.

Having established some range of energy densities for annealing,

and that within this range laser annealing does not change the crystallin—

V ity of a sample, the effect of implantation on R(c*) was studied. Respec-

tive R(c~) curves were recorded for three implanted samples at various

13 14doses. The dopant was 120 KeV Tellurium ions at fluences of 10 , 10 ,

15 2and 10 ions/cm . Changes in R(o~) with increasing dose is shown in

13 V

Figure 15. The 10 sample exhibits a nearly virgin R(cü) curve, yet the

1014 and 1015 samples showed little structure. The values of D for these V

samples are plotted in Figure 23. It is seen that a sharp increase in D

13 14 2 14occurs from 10 to 10 ions/cm , where the 10 looks to be almost

totally amorphous. This is possible since Grasso, et al (Re f 14) , found

that GaAs was totally amorphous at fluences of 1015 ions/cm2, using 400

KeV Ta as the implant. Thus the implanted samples used for laser annealing, V
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120 1(eV at 1014 Te/cm2 , showed an almost completely amorphous like

face. Thermal annealing of one of these implanted samples returned order

to the crystal, as is evident from its reflectivity spectrum (Fig U.) .

This spectrum is identical to virgin unannealed and laser annealed GaAs.

Thus, it was hoped that laser annealing of implanted samples would do the

same.

The implanted GaAs was annealed at energy densities of 0.10, 0.17,

0.25, 0.35, 0.48, and 0.68 3/ cm2 . R(cu) for each of these samples is shown

in Figures 16 and 17. The start of some regrowth in the implanted layers

is evident at the lowest value for Ed by the reappearance of the E2 peak.

V 
- The height and definition of E and E are further enhanced by increased

energy densities, reaching maximum definition and height at Ed 0.35 3/cm2

V (Pig 17). Further increase in Ed 
does reorder the crystal, but damage due V

to the laser starts degrading the surface and reducing R(w) when compared

to the 0.35 3/cm2 case (Pig 16 and 17). R(~) for the 0.35 J/cm
2 sample

shows an E2 peak that is comparable in absolute and relative peak height

to that of virgin GaAs. The E1 peak in this sample is almost that of

virgin GaAs and does have overlapping error bars in many places. Thus,

for maximum change in R(w), an energy density of approximately 0.35 3/c m2

is indicated. A plot of D versus Ed for implanted GaAs is shown In Figure

22. It can be seen that a minimum in D occurs from 0.30 to 0.40 3/cm2.

This result is in agreement with previous work on GaAs implanted with 120

KeV Magnesium to doses of io15 ions/cm2 by Kim, et al (Ref 6). They

found that the extinction coefficient , k, and sheet resistivity in

implanted GaAs varied with the annealing energy density. A minimum in

k was found at about 0.20 3/cm2, however it took 0.30 3/cm
2 to reduce the

sheet resistivity, a value which is in very good agreement with the 0.35

36
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measurement for a minimum D. However, the shape of the D versus Ed

curve follows the same pattern as the change in k with Ed ,  except the mini-

mum in k and D are not at the same value of Ed. At the same time, since

the k curves were taken at 632.8 am and D is for X — 246.5 am, a direct

comparison is not appropriate, but a strong indication of a relationship

between k and D is concluded.

A comparison of the E2 peak of the 0.35 3/cm
2 sample with that of

laser annealed virgin GaAs shows the peaks to be identical (Fig 13 and 17).

If the implanted sample behaves like the virgin samples, then upon clean—

ing the sample surface with HF it should have a R(w) spectrum that corn—

L pares with that of HF cleaned virgin and HF cleaned implanted thermally

annealed GaAs (Fig 13, 17, and 11). Thus, on the basis of reflectivity,

it seems there has been a complete regrowth in the amorphous layers of

the Implanted GaAs.

However, not only must a regrowth occur, but the dopant must go into

substitutional sites. This was investigated by comparing RBS measurements, V

made at the University of Salford (UK), with R(c&) and D. Two samples,

both Implanted with 120 KeV Te at 1015 ions/cm2, were laser annealed, one

at 0.35 3/cm2 for 25 nsec, the other at 0.375 3/cm2 for 29 nsec. R~S

measurements were made on the 0.35 3/cm2 sample and R(0) was measured for

the 0.375 3/cm2 sample. R(C&)) for the 0.375 3/cm2 sample is quite compa-

rable to that of a io14 sample annealed at 0.25 or 0.48 3/cm2. Thus, by

comparison, the optimum laser annealing conditions were not reached, but

a regrowth had occurred. The associated value of D is plotted in Figure

22, and is close to values obtained for virgin annealed samples. RBS

measurements of its sister sample shows that the damage had been annealed

out, and there is no measurable difference between the laser annealed
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implanted and a virgin RES spectra. There was also a substantial reduc—

tion in the Te signal, indicating a considerable amount of the dopant

had occupied lattice positions (Ref 15). Thus an adequate change in D

V 

corresponds to a substantial regrowth in the crystal, with a considerable

amount of the dopant occupying regular lattice sites.

Silicon

R(~) for virgin, unannealed Si is shown in Figure 18. R(o) for Si

exhibits two peaks, at 275.5 am and 364.7 am, which we will call E~ and

~~ respectively. As with GaAs, a series of virgin Si samples were laser

annealed to determine a reference for the effect of laser annealing.

Energy denait~iea of 0.95, 1.175, and 1.48 3/ca
2 were used on virgin SI.

- 
- -
~ R(c&) for each energy density is plotted in Figure 18 and 19. The struc—

ture of all three spectra were identical to within the error of the data,

V with a percentage decrease in the absolute reflectance spectra when corn—

pared to unannealed Si. An energy density higher than 1.48 3/cm2 could

not be obtained from the laser, therefore, no laser damage to the crystal

was observed.

V 
A plot of D versus Ed for virgin Si is shown In Figure 24. An

almost constant increase in D, due to laser annealing, is observed, with V

-an average increase of 0.08. This drop in absolute reflectivity and 
V

slight increase in D is not attributed to a change in crystallinity. A V

change in surface film is also unlikely, since annealing should reduce

any such film, raising R(cu), yet R(c&) dropped. The changes in R(c~) are

attributed to changes in the surface smoothness. That is, the one

highly polished, flat, surf ace of the unannealed Si has recrystallized,

with slight surface irregularities after annealing. Thus, it was

38 V
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V concluded that laser annealing had no adverse effects on the crystallin—

ity of the sample and that the damage threshold for virgin Si could not

V be reached with the given laser arrangement. V

V 
A plot of changes in R(c~) versus implant dose was not obtained, due

V 

to lack of samples. However, MiyaO, et al (Ref 2), shows a plot of D

I versus dose for Si implanted with 50 ReV Phosphorous ions. He shows that

D increases linearly with increasing dose up to a fluence of 6 x 1014

ions/cm2, where the surface becomes completely amorphous. R(cü) for an

unannealed sample is shown in Figure 20. The two peaks present in this

V spectrum do not correspond to either E~ or E~ of Si.

The implanted Si was annealed at four energy densities, 0.51, 0.64, V

0.95, and 1.34 3/cm2. R(w) for the 0.51 3/cm2 sample shows the beginning V

of order in the crystal by the appearance of the E~ peak, and the E~ peak

can be regained by increasing Ed to 0.64 3/cm
2 (Fig 21). Raising Ed

further shows an increase in the definition and relative peak height of

both E~ and E~. However, the decrease in the absolute values In R(ca) with

increases in Ed is not expected and cannot be explained at this time

(Fig 20).

A plot of D versus 
~d 

is shown for the implanted Si in Figure 24.

V From this plot, it is seen that the onset of annealing is at Ed 0.51

V 
3/cm . D continues to drop with increasing energy density out to E

d
V 1.34 3/cm2, indicating that the best annealing conditions have not been

met. By extrapolation of this curve, it appears that the best anneal
I could occur at Ed 1.6 3/cm2, well beyond the capabilities of the laser

- arrangement used.

- US measurements , made at the University of Salford (UK) , of an

identically implanted Si sample, annealed with a 25 asec, 1.02 3/c m2
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ruby laser beam, shows that the damage has been annealed out (Ref 15).
V It is also observed that, within the depth in the crystal measured by

US, the remaining In in the crystal has gone in substitutionally (Ref

15). Kurnaev, et al (Ref 4), shows that RBS measurements of (111) Si,

implanted with 90 ReV In to fluences of 5 x 1014, has been completely

annealed with a 35 nsec, 0.875 3/cm2 ruby laser pulse. He also reports V

that at least 60Z of the implants occupy regular lattice sites. Thus, a

considerable regrowth in the implanted layers of Si is indicated by a

substantial drop in D and confirmed by RBS measurements at like energy

densities.

Unfortunately, the laser annealing process does not seem to have

the same effect on the implanted Si as does thermal annealing. Thermal

V annealing of Sb implanted Si, at doses of 2 x 1015 at 40 ReV, shows an

increase not only in relative, but also absolute, reflectivity, with

V increases in annealing temperature (Ref 3). However, this might not be

a valid comparison, due to problems in measuring the absolute values.

V Thus, the degree of damage curves should be further developed.

In conclusion, implanted GaAs and Si undergo a considerable regrowth

in the amorphous layers due to laser annealing. Using a minimum of 1) as

the reference for best annealing energy densities, GaAs is best annealed

at Ed 
— 0.35 3/cm2. Indications are that Si will reach its best anneal at

Ed l.6 J/cm2. Also, the energy density of best anneal for GaAs is in the

same vicinity as that for reduction of sheet resistivity. In both Si and

GaAs, US measurements confirm that the damage has been annealed out with

approximately the same energy densities it takes to considerably reduce D.
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V - VI Recommendations

( V The results of this thesis on annealing characterization are

encouraging. It would seem that optical reflectivity is a good measure

of the crystallinity of the surface layers of an implanted crystal. How—

ever, the results are not fully conclusive. The R(cü) curves presented

are f or a single crystal at the given annealing energy density. A more V

reliable set of curves should be obtained by studying at least three

V different samples annealed at the same energy density. Also, more energy

densities should be used, especially at the lower energy settings, to

complete the degree of damage curves. The above measurements would be

enhanced by a reduction in the signal noise and true absolute value mea-

surements. This requires a change in the equipment.

As for the equipment, two modifications should be made. First, the

noise in the integrators should be reduced. The easiest method of accom—

pu shing this is by replacing the Molectron unit with two complete box—

cars that are identical to each other, such as two ICeithley or PAR boxcars.

Secondly, the optical path should be modified to include the reference
V 

mirror interaction in both 10 and ~r 
With this modification, true abso—

lute measurements of R(o) can be obtained with a larger signal to noise

ratio.

Other studies to measure values related to the reflectivity are

indicated for implanted semiconductors. The indicated formation of an

- 
— irregular surface on laser annealed virgin samples, by the drop in the —

absolute value in R(~), implies that an experiment to investigate this

behavior be pursued. A measure of the surface flatness by a Focault

teat, or an interferogram, could show if surface flatness is affected by
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laser annealing. It was also noted that D, as a function of Ed, assumed

V 
the same shape as the k versus Ed curve, except their respective minimum

did not coincide. However, the ellipsometry measurements were made at

632.8 nm and the D curves were for A 246.5 nm. Hence, there is the

need to measure the change in k as a function of Ed at X 246.5 urn to

confirm or disprove ‘this theory. The rather large changes in D, as a

V 

function of Ed, also show that this method could possibly be a better mea-

sure of damage profiling than previous measurements. Therefore, taking

R(c&) of a sample at various depths in the crystal, by etching the surface,

could be used to profile the implantation damage and the subsequent

V regrowth caused by laser annealing.
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The effect of laser annealing on ion implanted GaAs and Si
has been assessed using optical reflectivity spectra. The spectra
were recorded over the range of 2100A to 14500A and reflectivity
peaks were obtained near 2400A and 4100A for GaAs and 2700A and V

3700A for Si. The magnitude of these peaks was then obseved as a
function of annealing parameters. Laser annealing was carried out
using a 30 nsec ruby laser pulse. The GaAs sam~lea were implanted
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L spectrum of implanted GaAs was found toreturn to that of V

unimplanted. materials at an annealing energy density of 
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approximately 0.35 JI in2 whereas the spectrum , of Si was
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found to approach that of the unimplanted samples at energy 
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densities of 1.31i,. j /~~~~J. Th. values obtained compare well..

with those obtained from other diagnostic techniques.
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