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Abstract

The understanding of damage produced during ion-im 0

plantation is an important first step towards predicting

the semiconducting behavior of GaAs samples. A new tech-

nique for measuring damage has been developed by the Air

Force Avionics Laboratory. This method involves the meas-

urement of a differential electrical conductivity profile.

Samples of GaAs doped with $~, Te’ and Ar4 ions were

prepared for the purpose of profiling them with this

technique. Prior to measurement, theoretical values of

critical dose and theoretical damage profiles were calcu- 
0

lated using damage-range theory.

Values of sheet conductivity were measured with an

electrical measurement system. Twenty—four samples of

varying dose, flux and implant type were used. Each sample

was profiled by measuring sheet conductivity at successively

deeper levels into the sample. A sou]ution of K28% : 0

H2O~ : E~0 was used to etch the samples to arrive at these

deeper levels. The thickness etched away was determined by

the use of a Sloan Dektak Surface Profile Measuring System.

The values of sheet conductivity measured along with

the thickness etched away were used to create bulk conduc-

tivity profiles for all of the samples. Th. normalized

profiles are used to show damage versus depth. The measured

values of critical dose and dsa~ge agree within an order of

magnitude of those predicted by theory.
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I

Future efforts might include automating the measure-

ment system, refining the theory to account for any devia-

tions observed and to vary certain controllable parameters

of the ion-implantation process and observe what changes

in damage they produce.
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DAMAGE STUDIES OF ION-IMPLANTE D GaA s

USING CONDUCTIVITY PROFILES

I Introduction

Ion implantation is being widely used as a means of

introducing dopant impurities into GaAs. One fundamental

problem associated with ion—implantation is that of lattice

damage. Lattice damage, which is an inevitable by-product,

reduces , if not destroys, the usefulness of any device fab-

ricated by the ion—implantation technique. For this reason, 0

the implanted samples require special annealing processes

in which the samples are heat—treated at temperatures of

800-900°C to remove radiation damage produced during im-

plantation and to cause a substantial fraction of the im-

planted ions to become electrically active. An understanding

of d*mRge produced during implantation is an essential first

step in predicting the semiconducting behavior of samples

after annealing.

In the past, several techniques have been developed and

used for measuring d~m*ge. Included in these techniques are

eleotroreflectance, photoluininescense and Rutherford back-

scatt.ring. These methods involve costly equipment and

exhaustive techniques and yield questionable results when

compared with damage theory.

I
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Recently, the Air Force Avionics Laboratory proposed

a new approach to the damage probl em which is now being

developed. This method involves the measurement of a

differential electrical conductivity profile (DECP) . The

surface conductivity of a sample can be measured using a

Vander Pauw electrical measurement system. By successive

etchings and measurements of each new surface, a conductivity

profile can be obtained. It has been shown that when nor-

malized, this profile agrees strongly with theoretical dam-

age profile predictions for the specific cases of GaA s

implanted with C4, Mg~ and Cd~ ions. (Ref 1 :3)

This thesis describes the result of efforts to expand

the data base needed to evaluate the damage theory. Samples

of GaAs implanted with S~, Te~ and ions were profiled

with the objective of showing that the relationship between

experiment and theory holds for any implanted substance
+ + + + +whether it produces p-type, (C , Mg , Cd ), n-type, (S , To ) ,

or neutral , (Ar’), GaAs.

This thesis first presents a general overview of ion-

implantation, damage range theory and differential electrical

conductivity profiles. Pollowi~g this, the experimental

situp and procedures are described in detail. The process

by which raw data is converted into ñ’m*ge profiles is pre-

sented next along with the actual profiles obtained. These

an, thin compared with the theoretical profiles and comments

madi. Finally, some suggestions for further researoh and

recommendations are given.

2
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LI Theory/Background

There are basically three areas which must be examined

to develop an understanding of damage prc riles. First the ion-

implantation process is discussed as an aid to understanding

the mechanism of dRmRge . Second , the damage-range theory is

presented for use in comparing with the experimental data.

Finally, a brief discussion of the relationship between dam-

age and the measurement of electrical conductivity is pre-

sented as an introduction to the remainder of this report.

The Process of Ion-Implantation

Ion-implantation is an inherently complex method of’ pro-

ducing semiconductor materials with a precisely controlled

fraction of electrically—active impurities. Implantation

technology is the only processing technique which allows

unambiguous introduction of a single dopant species into the

host material . The final atomi c concentration and uniformity

of the dopant impurities can also be controlled in a more

efficient manner than is possible using other techniques.

(Ref 2:2) Ion—implantation can also be used in conjunction

with other fabrication techniques to produce device structures

that no single process can produce alone. (Ref 3:295)

The doping of semiconductor materials by ton-implantation

is accomplished by directing 10-150 keV ion beams of momen-

turn—analyzed ions onto the target material. These ions,

typically produced in a small accelerator, are momentum-

analyzed to provide an atomically pure dopant source. (Ref 2:2)

3
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When a substrate is bombarded by a beam of these energetic

ions, it will not only loose some of its own ions by sputter-

ing but it will also retain some of the incident ions. The

incident ions that are retained are said to be implanted.

(Ref 3:295)

The disadvantage of ion-implantation is the crystal dam-

age produced at the surface of the semiconductor as the ions

collide with the lattice atoms. The implantation deinnge can

be minimized by annealing the crystal at high temperatures,

but annealing also causes the impurity profile to diffuse

into the crystal thus changing the desired dopant profile.

Knowing the lowest effective annealing temperature and time

is important to minimize this diffusion. (Ref 1~.:2) For this

reason it is important to be able to predict damages.

The Damage-Range Theory

As energetic ions penetrate the target , they lose energy

primarily through two independent types of oolliaions before

coming to zest. These collisions are called elastic and in—

•lastic. inelastic (electronic) collisions leave the electrons

of the host atom in an excited state but the center—of—mass

motion of the target atom ii unperturbed. Only the elastic

(nuclear) collision process creates lattice disorder around

the ion track and is responsible for radiation_i~.i~~ge effects.

(Ref 1:3) Furthermore, if the target is crystalline, the tar-

get atoms will be bound to their lattice positions with a

certain energy, so that collisions of the projectile with

the atoms of th. target will only produce damag, when the

S 
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energy transferred to a target atom exceeds its displacement

threshold energy, Ed.

Collisions in which the energy transferred to a target

atom, say B’, is greater than Ed will displace that atom from

its lattice site, and thus produce damage within the crystal.

The displaced target atom may then be treated as a secondary

projectile of energy (B’ - Ed), and it too will be brought

to rest through a series of nuclear and electronic stopping

events. In the course of its trajectory, the secondary pro-

jectile may have sufficiently energetic interactions with other

target atoms to produce further displacements and a second

generation of recoiling target atoms. The production of dam-

age is therefore a cascade process in which the incident pro-

jectile is simply the primary damage—producing particle. The

envelope of all these displacements ii referred to qualita-

tively as a 1iamage cluster ”, and will have a size and char-

acter that depends on a large number of factors, including

especially the mass of the incident ion and it. energy, the

mass of a target atom and the temperature if the target.

(Ref 5:1063)

The “critical dose”, 0crit (i.e. the point it which the

sample becomes totally amorphous), can be estimated by a

very simple calculation. By definition, the critical dose

for a sample of unit volume occur, when all atoms, N in the

sampl. ar e displaced by the incoming ions. If the atom. are

held in the lattice by an energy , Nd, then an ion with initial

energy N0 could displace a asxi3*lm of NO/Ed atoms . Ths am ..
S
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imum critical dose per unit volum, is therefore equal to

N/(Eo/Ed). However, since B0 is dissipated by elastic and

inelastic collisions and only the elastic or nuclear colli-

sions cause damage, B0 must be replaced by (Eo)n~ 
the energy

dissipated in nuclear collisions, thus:

0crit = R/ ( (Eo)n/Bd ) ( 1)

£pproxt’~ste values of 0crit obtained with this equation are

shown in Table I for GaAs ion—implanted at room temperature

with S ’, Te 4
~, and Ar

’ ions with B0 = 120 keV. Appendix A

contains the actual numerical calculations from which these

values were obtained.

TABLE I

Theoretical Values of 0cri.t

Ion Implanted 0crit (om~~)

8’ 1.6S3 x 10114~

To~ 2.Ii2S x io13
1.119 x 1O~~

Knowl edge of the gross demage—eatimate is important ,

as is the spatial distribution of the da~ age in the implanted

layer. It is possibl , to obtain theoretical damage profiles

by evaluating the spatial distribution of that fraction of

the energy which is ultimately transferred from the implanted

ion to the solid by elastic collisions. The relation which

gives the nuclear energy loss per unit length, (dE/dX)~ ,is:

6
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(~~)  
= f

Eo P (EI X ,E0) s~ ( E) dE (2 )

where P(EIX,E0)d.E is the energy distribution function and

denotes the probability that an ion has energy between B

and E+dE, given that it was injected into a target at EE0
and has reached a position I along its track. S~(E) is the

average nuclear energy loss rate given by the Thomas-Fermi

nuclear stopping power for an ion. Because all ions do not

have the same range, however, we must use separate 8~ curves

for each ion, thus the need for the integral. (Ref ~:1075)

Given a computation of (dE/dX)~, the number of atoms

displaced by the “average” ion should become:

Nd &4/2Ea

where En is simply the area under the (dE/dX)~ curve.

(Ref ~ :1O8O ) 0

If damage is defined as displaced atoms then a “damage

profile” can be created by differentiating 1d over X. The
dant~ge profile is therefore given by:

Damage ( ciC3) — P(E Ix ,E0) S~ (E) dE (Ii.)

When the above equation is solved for a specific case, a

theoretical damage profile is obtained. Figures 1 and 2 show

( graphically this theoretical distribution of Aai ages for GaAs

doped with and Te~
’ ions. (Ref 6) Theoretical curves for

7
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are not given, however , they closely approximate those

for ?. This is due to the close proximity of argon and

sulfur on the periodic table. Figures 1 and 2 also cover only

the peak regions of the curves. Beyond the peaks, the damage

“tail” behaves as an exponential decay and on a semi-log

scale graphs into a straight line.

Conductivity as a Measure of Dsma~e

Impurity-conduction in semiconductors can be defined

as a phenomenon in which an electron moves directly (by

tunnelling) from one impurity atom or point defect to an-

other. (Ref 7:1) This defect conduction is often referred

to as hopping conduction in crystalline semiconductors

and low-temperature conduction in amorphous materials.

The current produced by these nec)ianisas depends on the

mobility of electrons with energies at or near the Fermi

energy. (Ref 7:39) Furthermore, there is evidence that

structural defects play a more effective role than do im-

purities in controlling the conductivity of amorphous

semiconductors. (Ref 7:198)

When a sample of GaAs undergoes ion-implantation,

it sustains a large amount of damage. This damage takes

0 
the form of many point defects. These defects not only

increase the defect conduction of the sample, but also

bring the structur, of th. substrate closer to b.ing

amorphous. It follows, therefore, that the conductivity

of the semi—insulating GaAs substrate increases with im—

plantation dose. Increased damage produces increased

8
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conductivity until the sample is totally damaged to the

point where conductivity becomes saturated. (Ref 1:5)

A conductivity profile of ion—implanted GaAs gives definite

values of conductivity as a function of sample depth which

can be correlated specifically with damage—density profiles

of the implanted samples. (Ref 8:11.i~)

(
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III Experimental Apparatus

The electrical measurement system used for this experiment

consisted of a Keithly 225 constant current source, a Keithly

616 digital electrometer used as an a eter for monitoring

current, a Keithly 160 digital voltmeter and two Keithly 610C

electrometers used as unity—gain amplifiers. Figure 3 shows

this system as well as the configuration of the connections

to the samples. It should be noted that this system makó~ 0

use of the guarded unity-gain amplifiers to provide the high
114input impedance of approximately 10 ohms which is essential

for measurements of high resistivity samples. (Ref 2:~ 3) 
0

A Sloan Dektak Surface Profile Measuring System was used

for the purpose of measuring the thickness of the layer

etched away from the samples. A Peacock micrometer was used

to measure specimen dimensions.

The substrate material used for the samples was Cr—doped,

semi—insulating, single—crystal GaAs sliced into wafers and

oriented in the <10~~ direction. Bulk resistivity, p of

the wafers was I09c~—cm. Into these substrates, using a 150

kV ion-accelerator manufactured by Accelerators Inc. (model

#700—101, modified), 8~ , Te+ and Ar4 ions were implanted at
120 keV to various concentrations at various flux rates . 0

Tabl e II sn~~t.riges the samples used for this thesis.

12
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TABLE II

Suannary of Samples

Ion dose, 0, (ions/cm2) flux (nA/cm2) # of samples
5+ 1E12 10.145 1

8~ 1E13 10.145 2

5’ 2E13 127.27 2

3+ 1E114 10.145 1

S’ 1E114 127.27 2

3’ 1E1 5 127.27 1

Te~ 1E12 12.35 2

Te~ 1E1 3 12.35 1

Te~ 1E13 123.146 2

Te~ 1E114 12.35 2

Te’ 1E114 - 123.146 1

1E15 123.4.6 1

lEl 2 16.4.6 1

1E1 3 1614.61 - 2

1E1 14. 1611.61 1

1614.61 1

(
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IV Experimental Procedure

The experimental procedure disoribed below is one which, 
0

due to the nature of this thesis, was repeated many times,

over a period of several months. As experience was gained

in each task, certain modifications were made to improve the

results obtained or increase the reliability of the measure-

ments . What will be described in the following pages is

the final, refined technique. Where necessary, for clarity,

a brief explanation i8 given of certain elements of the

procedure. These explanations include observations from

experience and thus an~ narize the evolution of the experiment.

Mounting the Samples

The sample!, as used, were approximately 1 x .5 cm in
size. Pour wires were attached to these samples in the

configuration shown in figure 3. Great care was required

in order to assure that strong, ohmic contacts were made.

For a given sample, Indium (In) solder was first applied,

creating two Cbeals of solder at points one and two, and two

“lines” of solder at both ends, spanning the width of the

sample. This solder was applied in a minimum of time to

preclude partial annealing of the sample due to heat from

the iron. Also, it was found that better contacts were ob-

tained when the sample was cleaned just prior to applying

the solder. Cleaning the sample involved applying triehloro—

ethylene, acetone, methanol and dc—ionized water in succession

to the surface for about thirty seconds each, and finally

15
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blow-drying the sample using nitrogen gas. At thi s point in

the procedure , a representative number of samples were placed

on a curve tracer to assure ohmic contacts were being created .

The four wires were part of a holder which allowed the

samples to be mounted and then plugged into the system by

means of a cable and plus assembly. The wires at points

three and four were attached to a line of solder to assure

even current flow across the entire sample.

Once the wires were attached, the contacts had to be

covered with a wax substance. This was done to prevent

the contacts from being etched when the sample was profiled.

Also, a small wax dot was placed somewhere on the sample

so that after the sample had been etched, the thickness

etched away cot~~ be measured. This dot, it was found,

worked best when placed near the center of the sample because

the etch rate at the edges was unreliable. An alternative

to thi s procedure was used on several samples. This involved

removing a small piece of the sample and mounting it separately

on a glass slide. Wax was applied to a portion of this

piece and the thickness of the sample etched away was measured

from this piece.

Electrical Measurements of’ the Samples

The sample, mounted on the holder, was plugged in and

covered with a black cloth. This was done to eliminate any

possible stray photocurrents which might have been present

from light falling on the sample.

16
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At this point , current from the constant current source

was applied to the sample, first at low levels, and then

raised until a voltage of from one to ten volts was displayed

on the DVM. The value of current was noted and recorded

along with the voltage it produced. To assure the reading

was accurate, a check for ohmic—contacts was next performed.

The polarity of the current was reversed and the new value

of voltage read. When the contacts were ohmic, both values

of voltage were approximately the same except for reversal

in sign. The two values of voltage were then averaged togeth-

er and this average voltage, along with the current were re-

corded for later use.

When dealing with high resistivity measurements such

as those described above, the tendency was for the readings

to require a certain amount of time before they settled

down to a final value due to stray capacitance. Not waiting

long enough created errors . It was found that waiting

twenty minutes before taking a reading resulted in satis-

factory results.

Etching the Samples

The determination of damage is based on a conductivity

profile. The above procedure for measuring voltage and current

had to be performed a number of times for each sample at

various depths into the implanted layer. In order to accom-

plish this, suocessive etchings of the surface were performed

between measurements.

The samples were etched in a solution of H2304. s H~02 s

17
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K20 which was kept at 0°C by an ice bath and constantly

stirred by an electric Stir—Plate. Concentrations varied

over the course of these experiments depending on the implant

and dose. It was found that great care must be taken when

measuring the proportions of and H202 to water in

order to obtain a predictable etch rate. Solutions varied

from 1 :1:30 to 1:1 :100 and gave etch rates from approximately

500 to 50 R/minute.

From the etch solution the samples were immersed in

DI water and then dried using filter paper and nitrogen gas.

Extreme care was required during the entire etch/dry process

to avoid mishandling the sample and shaking a contact loose.

It was possible to only partially loosen a contact causing

false changes in conductivity thus invalidating the data.

During the course of profiling a sample, second and

third wax dots were sometimes applied to the sample as a

way of obtaining more accurate depth information. It was

found that the addition of wax to the surface also changed

the value of conductivity, giving a false reading. Because

of this, when a wax dot was applied, the data point at that

depth had to be disregarded. -

Measuring the Dimensions of the Samples 0

With the completion of all conductivity measurements ,

the wax was removed and the sample cleaned using the same

procedure described in the section on mounting the sample.

The four wires were removed from the sample and, using a

Peacock micrometer , the width of the sample (y) and the

18
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Figure 14 Sample Dimensions

distance between contacts one and two (x) were measured

and recorded. Figure 1~. shows these distances.

One final measurement was required before the data f or

one sample was complete. The etched sample was placed on the

Sloan Dektak Surface Profile Measuring System and a profile

of the sample at the edge(s) of the wax dot(s) was recorded

on a strip chart. From this chart the difference between

the unetched surface which was under the wax dot and the

etched surface could be measured. This value was then divided

by the number of etches performed to obtain an average depth

into the sample per etch. Etch time and strength was main-

• tam ed constant during the profiling of a sample to assure

layer, of equal thickness were removed during each etch.

On occasions when the time and/or etch strength was changed

during the profile of a given sample, a wax dot was placed

on the sample to mark where one average thickness ended and

a new one began.
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V Results an4_Discussion

The raw data obtained from the experiments as described

in the previous chapter had then to be converted, through

a number of steps, into damage profiles. This section

describes how sheet conductivity is calculated. Using

the initial values of sheet conductivity for all samples,

0orit for each ion is then determined and compared to

those values predicted in Chapter II. Using the values

of sheet conductivity calculated for a given sample, the

derivation of a conductivity profile is discussed. It is

then shown how the conductivity profiles can be normalized

and thus transformed into damage profiles.

The damage profiles obtained from experiment are then

compared to those predicted from theory in Chapter II. On

the basis of these results, observations and conclusions

are presented.

The Sheet Conductivity Measurement

Using the values of current and voltage determined from

experiment and the values of x and y as measured with the

micrometer, the sheet conductivity , a5, can be calculated

using the following equation:

- I x
(5)

0

A value of sheet conductivity will be available for each

set of voltage and current measurements taken.
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As expected, the initial values of a, for a given

implant type increased with increased dose to a maximum.

This reflects the fact that as dose increases, dnmage in-

creases , until the damage at the surface of the sample

is saturated at some 0crjt• Increasing the dose beyond

this point resulted in the value of a, actually decreasing.
This can be explained by assuming that the additional energy

imparted to the surface by the higher dose has the effect

of .nnealling some of the da~tages already produced thus

lowering the value of a,. Figures 5 through 7 show graph-
ically the values of a5 measured for different values of 0.
It should be noted that those graphs agree strongly with

the calculated values of 0crit in Chapter II.

The Conductivity Profile

Sheet conductivity in itself does not provide the

information needed to predict i.mpge profiles. Values of

bulk conductivity as a function of depth are what is re-

quired., Bulk conductivity, or simply conductivity, can

be expressed as the derivitive of sheet conductivity:

(6)

At this point, a simplification will be made by assuming

the conductivity at point “i” ii equal to:

( -a5) — i+1 (7)
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I

Using equation 5, the values of a, calculated for a given

sample and the average depth etched as measured on the

Dektak, a graph depicting the conductivity profile can be

created by plotting the values of versus the depth at

point “i” and then connecting the points wi th a smooth

curve.

Through the course of this research, twenty-three pro-

files covering sixteen different sample types were measured.

These can be found in Appendix B. Table III is a au1m7i~ry

of these curves. For each sample type, the approximate

value of the peak conductivity is given along with the

depth into the sample at which it occurs . Also, the “spread ”

of the curve is given. Spread is defined as the difference

between the peak value of conductivity and the depth at

which the eonductivity is down 50%.

The Damage Profile

Converting a conductivity profile into a damage profile

ii basically a matter of normalization. Earlier in thi s

paper it was stated that, above a certain dose, 0crit’
the damage to the crystal becomes saturated and equates

to 100% of the atoms being displaced (i.e. the sample

becomes totally smorphus). It follows, therefore, that

the maximum value of a obtained equates to 100% damage.

In GaAs there are approximately ~~ x lO~~ atoms/cc.

By using the following relationship, values of conductivity

can be converted to numbers of atoms displaced:
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TABLE III

Surmnary of Conductivity Profiles a

SAMPLE PEAK SPREAD FIGURE(S)
Ion/Dose(ions/cm2) Depth (2)
/Flux (nA/cm2) j (1/Q-cm) Depth (2) 

peak 50
~~peak

S4 1E12 1O.1~.5 1i..3E-1~ 530 
- 

Li.90 11

S’ 1E13 10.1~.5 5.3E-1 500 500 12 ,13

~~ 2E13 127.27 1 .2E0 1~Oo 560 11~.

S~ 1E11.~. 10.1~.5 3.OEO 250 650 15

S4 1E11.~. 127.27 2.3E0 860 51i.0 16

S~ 1E1 5 127.27 1.14.E0 1510 560 17

Te’ 1E12 12.35 7.OE-2 85 130 18,19

To4 1E1 3 12.35 1,3E0 260 375 20

To4 1E13 123.Ii.6 1.2E0 360 2140 21

Te
5- 

1EIII. 12.35 6.7E-1 500 250 22

Te~ 1E114 123.146 - 
8.2E— 1 250 320 23

Te~ 1E15 I23.1.~.6 1.8E0 300 165 214

Ar’ 1E12 16.146 6.3E-l~. 280 315 25

Ar 1E13 1614.61 5.OE-I 165 660 26,27

Ar~ 1E114. 161i..61 8.4E— I 225 1225 28

Ar ’ 1E15 1614.61 1 .OEO 114.50 1.15 29

(

26

~0 __ _~~ _  —- 5 —  ~~~~ -— — -  - - - _ — ~~~~~~~~~~~~~~~~~~

-
~~~~

--5- -
~~

--
~~-—’.- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



, ,
!~4 .Lf X j  (8)

‘a )
max

where

Z damage at point “i’1 (# atoms/cc)
aj  conductivity at point Nj n ( (Q-cm) )

Comparing Results with Theory

Figures 8, 9, s.nd 10 show the resulting damage curves

for SF and Ar for doses of 1x1O~
2, 1x1013, and lxi 0114 and

the damage curves for T.~ for doses of 1z10
12 and 1x1O~~.

On the graphs for S~ and To , the theoretical curves for these

conditions are also plotted for comparison. For the case of

Ar’, the theoretical curves for S~ can be used for an approx-

imate comparison if desired. Higher doses are not considered

because the theory fails to account for the damage satur ation

phenomena thus making any comparisons at higher doses invalid.

Conclusions

Several conclusions can be drawn from the material

presented in this thesis. First, the differential electrical

conductivity profile, as presented in this paper is a viable

means of predicting d~~age distribution in ion-implanted GaAs.

Figures 8, 9, and 10 show better than order—of-magnitude

agreement between theory and experiment on all profiles except

where 0 equaled 1x1 o12 for S~ and Ar~. It has already been

stated that theo ry and experiment will not agree in the higher

dose ranges due to the saturation phenomena. Perhaps there

is some similar explanation for the low dose range as well.
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Upon observing the conductivity profile curves in

Appendix B for the higher dose rates, it can be concluded

that above 0crit the damage at the surface decreases due

to the tendency for the excess energy to partially anneal

the samples. The peak damage associated with 0crit ~‘
still found, however, except that it is shifted deeper into

the sample.

It can also be concluded that, as theory predicts,

the damage tail does behave as an exponential decay. This

is evidenced by the characteristic straight line plot of all

the conductivity profile tails in Appendix B.

The fact that damage densities and not carrier con-

centrations are being measured can be concluded from the

fact that Ar ’, a neutral dopant , produces curves similar
+ +to those for S and Te which are active dopants .

Aa table III shows, the flux at which these samples

were implanted did not appear to have any sLgnificsnt

influence on the damage distributions obtained. Samples of
+ 114. + 13 114S at lxl O and Te at lxlO and lxl O were prepared using

two different flux rates in order to evaluate this phenomena.

A final conclusion from this research program is that

had there been more time to profile a larger number of

samples from each of the sixteen oatagories shown in Table II,

the resulti ng curves would have reflected more accurately the

nature of the damage density of ion-implanted GaAs. It is

significant that even with so few samples, the results are

within an order-of-magnitude of theoretical predictions.
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VI Su~gostiona and Recommendations

In the further development of the differential elec-

trical conductivity profile as a means of measuring damage,

there are several suggestions which seem appropriate based

upon the experience gained from this thesis. First, an

average profile required one full day to complete. This

lengthy time period necessarily reduced the number of

samples which could be measured. The techniquø presented

in this paper required many manual tasks which bad to be

repeated many times. Also , a long waiting period between

each etch was required to obtain a stable reading. These

factors all contributed to the length of time required

to obtain one profile. It is suggested that an automated

system be developed in which a sample could be mounted

and than measured without the need for human interaction.

A small micro-processor could be tied into the system

which would ana~Lyze the incoming voltage and project its

final stable reading thus eliminating any need to wait

between etches. Taking this idea one step further, per-

haps this system could measure the sheet conductivity con-

tinuously -(instead of in steps) as the surface is etched

by an acid bath. Using the micro—processor to compute the

derivitive of the sheet conductivity, the output of such a

system could be the conductivity profile itself.

The results of this thesis clearly show that the

damage-range theory does not consider the saturation or

32
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self-annealing phenomenon at high doses and perhaps some

other effects at low doses. It is suggested that the theory

be refined to account for these observed deviations.

Finally, it is suggested that, using the DECP technique

as a measure of damage, certain controllable parameters of the

ion-implantation process can be chiinged and the resulting

changes in damage recorded. These parameters might include

capping, annealing, implanting at elevated temperatures, etc..

From these measurements a great deal can be learned about how

to reduce and perhaps eliminate lattice damage in ion-im-

planted GaAs devices.

33

* 
- 

-
5-’



Bibliography

1. AFAL monthly status report. Implantation Damage
Studies by Conductivity Profiling.

2. AFAL—TR-76—218. Ion Implantation In Compound Semi-
conductors. Washington: U.S. Government Printing
Office , January 1977.

3. Gibbons, James F. “Ion Implantation in Semiconduc-
tors - Part I: Range Distribution Theory and Ex-
periments,” Proceedings of the IEEE, ~~: 295-319
(March 1968)

14. Anderson, Wayne J., Capt. El~ctroreflectance Meas-urements of Radiation Damage in GaAs Caused by Ion-
Implantation. Paper prepared within the Air Porce
Avionics Laboratory/HER. (Undated)

5. Gibbons , James F. “Ion Implantation in Semicon-
duotora - Part II: Damage Production and. Annealing,”
Proceedings of the IEEE, ~~ : 1062-1096 (September
1972)

6. Shin, Bok K. Research Engineer, Systems Research
Laboratories (personal interview). Wright—Patterson
AFB, Ohio, August 31, 1978.

7. Mott , N. F. ~lectronic Processes in Non—Crystalline
Materials. Glasgow: Oxford University Press, ~97l.

8. AFAL monthly status report. Conductivity Profile
of Ion-Implanted GaAs.

9. Gibbons, James F. ProJ~cted Range Statistics inSemiconductors and Rela~ed Materials, (2nd Edition).Stroudsburg, Pennsylvania: Dowden, Hutchinson and
Rose, Inc., 1975.

34

* 
- -- ‘ 

~~~

5 - 5 -  _______________ 
—

‘5- - — — -5-5- -5-. ..  - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~



Appendix A Numerical Calculations for Critical Dose

0crit for GaAs is calculated from the following equation:

0crit = N/((EO)fl/Ed) (1 )

where

N = Total number of atoms per unit volume of GaAs.
(E0)~ = Initial energy of incoming ion dissipated by

nuclear collisions.
Ed = Energy required to displace a lattice atom.

For GaAs, N = 14.1i. x io22 atoms/cm3 and Ed 18 x 10~~ keV.

Depending on the ion being implanted, the value of (E0)~ was

determined from the charts in Projected Range Statistics in

Semiconductors and Related Materials (2nd Edition). (Ref 9)

These values are:

TABLE IV

Values of (E0)~ from Projected Range Tables

ION (E0)~ (keY/cm)

.14790 x 106

To1’ .3266 x I O 7

Ar .7078 x 106

The above numbers used in equation I give:

i~ 
(~
+) = (14 .1111022) (18z10’14) = 1.653 x io I14 ions/cm2 (9)

or - 

(.14790x10 )

it (Te
”) = (14.11110) (18x1 0 14) 

= 2.1425 i io13 ions/cm2 (10)cr (.3266z107)

it (Ar ~
’) = ~~10) (18~b0 )~~~ = 1.119 x ,o114 ions/cm2 (11)or (.7078x106)

35

- ~~~~~~~~~~~~~~~~



Appendix B Conductivity Profiles

The graphs contained in this Appendix represent the

total experimental effort put forth for this thesis. In

most cases, when two samples of the same type were pro-

filed, the data points they generated were placed on a

single graph. ‘ When the two prof iles were significantly

different, they were plotted on separate graphs.

The curves were drawn using a french curve. In some

cases, estimates of true values different from the measured

points were made (shown by dashed lines). These were done

when it was felt that the experimental technique caused

false values of conductivity to be measured. These false

readings occurred in two places. First, near the surface,

the measured values tended to be unreliable due to surface

effects such as oxide layers and dirt. Second, through the

course of measuring some samples it is believed that the

contacts were partially broken causing the measured values

of conductivity to shift. Uncorrected, this effect would

tend to shift the latter portion of the curves over and up

creating the impression of a wider distribution than actually

existed. Figure 18 is a good eTample of this phenomenon.
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