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Abstract

Differential Hall measurements by the van der Pauw

technique were taken to provide a profile of the electrically

active carriers in ion implanted GaP. The study was limited

to magnesium implants at room temperature at an implant

energy of 129 KeV ,, 
Annealing was done in a flowing argon

atmosphere at 90&~C.

The profiles indicated a decreasing carrier density

as the depth increased. The peak of the profile was at or

near the surface. In none of the cases observed were the

results as predicted by the LSS theory. They were , however,

much in accordance with the theory developed by Large and

$ Bicknel for low energy implants. Glow Discharge Optical

Spectrography (GDOS) profiles taken also indicated the same

type of carrier distribution.

Temperature dependence and cap dependence tests were

also carried out. The results~~~dicated that pyrolytically

deposited S1~N~ annealed at 9OO~6 provided the best percentage

of type conversion.
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ELECTRICAL PROFILING

OF MAGNESIUM IMPLANTED

GALLIUM PHOSPHIDE

I. Introduction

Gallium phosphide has recently r~~ eived new attention

as a semiconduc~tor material. It has a wider bandgap , 2.8 eV ,

than most other semiconductor materials and therefore has

many potential uses (Ref 2 :7) . The Air Force is presently

investigating the use of GaP for satellite attitude sensors

(Re f 9) .  Other current uses for GaP include FET ’s , optical

waveguides, and solar assisted hydrolysis (Ref iO ) .  This

material has been used extensively for green and red light

emitting diodes. One advantage related to its wide bandgap

that GaP has over other semiconductors such as GaAs is the

fact that GaP produces, and is sensitive to , light over the

visible spectrum. Much of the growth potential of this

material i~ presently untapped due to processing problems

and because the raw material is not easily available.

Ion implantation would appear to be an ideal method

for doping Ga?. The high vapor pressure of phosphorus and

the subsequent breakdown of the material into gallium and

phosphorus at low temperatures make high temperature doping

methods such as diffusion from gaseous sources and doped

oxides a poor alternative (Ref 2:8). Ion implantation can

be done at room temperature and the required annealing steps

1~~ 
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are short and relatively low in temperature in comparison to

other doping methods. However, before ion implantation can

be used effectively as a means of dop ing GaP , the electrical

activity of various dopant Ions within the material must be

known.

It has been shown that both p-type and n-type conversion

can be achieved in GaP using various implanted ions. The

percent of conversion, or the percent of implanted ions that

become electrically active , has been quite low. Inada and

Ohnuki have done work in the area of zinc and magnesium ion

implantation previously (Ref 6). Other work has also been

done by Gelpey at the Massachusetts Institute of Technology

with magnesium , selenium , and sulfur implants (Ref 2). Dobbs

and Hemenger have also worked in the area studying zinc

implants and Dobbs has also worked with beryllium implants

(Ref 5) . All of this previous work has demonstrated and the

current work has confirmed that type conversion does take

place but that the percent of this type conversion is very

low. For magnesium , it is normally around ten percent (Ref

2:10). Until an effective method is found to increase the

percentage of type conversion , the ion implantation method

is not meeting its potential with GaP.

From previous work , it has been discovered that ion

implantation damages GaP , that is, it turns the material

amnorphow3 (Ref 2 :10) . Work done by Inada and Ohnuki has

1’ 
shown that the damage done by ion implantation is removed

( by annealing the material at 800°C or higher , but in order

to achieve electrical activity of the implanted impurities ,

2 
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~I anneal temperatures of 900°C or higher are needed (Ref 7s229).

• Ge].pey’s work slightly disagreed with this, indicating that

850°C was sufficient to activate a significant percentage

of the magnesium impurities (Ref 2~74). He did not , however ,

indicate what a significant percentage was . Gelpey also

suggested that the implanted impurities, as well as gallium

and phosphorus, were diffusing out during the annealing

procedure. Silicon dioxide was used as the encapsulant for

his investigation.

Several groups have studies ~on implantation in GaAs

and, since it is similar to GaP , similar results might be

expected. There are, however, some important differences.

Since neither oxides nor nitrides can be grown on these semi-

conductors, caps used during the annealing proc ess must be
4~ ~~~~0 deposited some other way. The adherence of these deposited

coatings is much weaker with GaP than with GaAs and therefore

the probability of out-diffusion of the implanted impurities

is higher. Another problem is the decomposition of GaP at

temperatures above 600°C at one atmosphere (Ref 2:8). This

also increases the probab.~.lity of out-diffusion of the

gallium and phosphorus as previously mentioned.

Objecitjv~ ~~ this Study’

The objective of this study was to profile the electrical

activity of ion implanted magnesium in GaP to determine the

location of the implanted layer and the percentage of type

conversion OL electrically activated magnesium ions obtained;

also , to determine why low type conversion has been obtained

‘

I 
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with magnesium in the past and how to correct for it.
t.~

.

So~~e and Assumnpti~ ns

This investigation was limited to the profiling of

magnesium implants. Since magnesium is a p-type dopant if

substitutional for gallium, contacts designed for p-type

material were used. Contacting methods had to be developed

that would work on GaP since normal methods of contacting

were not effective. The implant energy was limited to

129 KeV since this was the highest that was obtainable with

the Air Force Avionics Laboratory ion implant facility. All

annealing except temperature dependence runs was accomplished

at 900°C based on work done by Inada and Ohnuki (Ref 7:229).

The Lindhard, Scharff , and Schiott (LSS) theory was used as

a basis for determining etch depths and rates. For the most

part , the caps used during th e annealing process were

limited to silicon nitride (Si
3
N4) and silicon dioxide (Si02)

since these were the only two caps which could be deposited

using both the pyrolytic and sputtering techniques available

in the laboratory.

General ADDroach

The first necessary step of this investigation was to

develop an effective method of forming ohmic contacts to the

Ga? substrate because without them no electrical measurements

could be made. A suitable cap, used during the annealing

process for the prevention of out-diffusion of the impurities,

had to be found. Silicon nitride and silicon dioxide were

the two primary caps used since these two were available in

• 4 H 
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the AFAL facility. Two different methods, pyrolytic and

sputtering, were tried to find the best one. An effective

method of determining the rate of etch of the etching

solution and a method of controlling the rate also had to

be found. Standard procedures with some modifications were

used for other steps in the process of profiling.

The van der Pauw method of Hall measurements was used

to determine the electrical activity of the implanted

;~ magnesium ions. By etching off thin layers of the implanted

GaP, the profile of electrically active impurities was made

with respect to the distance from the surface. A computer

program was developed that calculated and plotted the profile

from data obtained from the experimentation. The program

also calculated and plotted mobility and resistivity.

Sea~uei~ç~ ~~ Presentation

The experimental methods and processing techniques

that were employed and developed are contained in Chapter II

of this thesis. It covers the development of the contacting

procedure, the method used for capp~~ig, the method used for

profiling the electrically active magnesium ions, and other

procedures used during this investigation. Chapter II also

describes the equipment used. Chapter III contains the data

and the results. It includes graphical and tabular presen-

tation of the profiles of the various samples tested and a

comparison of the percentage of type conversion obtained

4’ with different samples. Chapter IV presents a discussion of

these results and interprets them from the standpoint of

4 . 5
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their importance. It presents two explanations as to why

decreasing concentration profiles were obtained instead of

the Gaussian distribution as predicted by the LSS theory.

This chapter also compares the results of this study with

those of previous investigations. Chapter V concludes the

study with a summary of significant results such as the

higher percentage of conversion obtained than with other

studies. This chapter also has recommendations for future

studies. The appendices include information on the LSS

theory, range estimates, and a listing of the computer

program developed for this investigation.

i t
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II. E~perjmental M~tho~s and Processing

Many of the processing methods used on GAAs and other

semiconductor materials could not be used on GaP. Even some

standard procedures had to be modified somewhat for use here.

This chapter presents the procedures used during this study

and gives a description of the equipment where necessary.

~~e~aratory Procedures

The GaP used for this investigation was obtained from

Metal Specialties , Inc. The material was received as two

inch wafers with a crystal orientation of (100). The wafers

were then sorthed and broken into chips that were approximately

0.5 cm square. This was determined to be a suitable size

to work without causing any significant handling problems.

The chips were then cleaned using a modified GaAs cleaning

procedure. It was discovered that many of the steps in the

GaAs cleaning procedure had no effect on Ga?. The method

used consisted of: i) rinse in flowing trichloroethylene

for 20 seconds, 2) rinse in flowing acetone for 20 seconds,

3) rinse in flowing methanol for 20 seconds , 4)blow dry

with inert gas (argon or nitrogen), 5) wash with 10 percent

aquasol soap solution , 6) rinse in flowing de-ionized water

for one minute, 7) rinse in methanol for 20 seconds, and 8)

blow dry using inert gas. Steps in the GaAs procedure such

as etching in HF had little or no effect on GaP and were

deleted from the procedure. In the case of four samples , to

be described later, the chips were etched in an etching

7 
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solution which was found to etch GaP. The chips were then

• checked under a microscope to determine if all foreign

matter had been removed by the cleaning process.

The samples were then implanted with magnesium ions

using the ion implantation facility in the Air Force Avionics

Laboratory. The Accelerators, Incorporated unit could

produce only 129 KeV but this was determined to be sufficient

for this investigation based on LSS theory range estimates.

All implants were done at room temperature. Both hot and

cold cathode sources were used for the magnesium sources

and both gave similar results. The source in both cases was

pure magnesium.

After implanting, the samples were capped with from

1000 to 2000 ~ of Si
3
N4. The capping was necessary to

prevent the out-diffusion of the implanted magnesium as well

as phosphorus and gallium during the annealing step which

followed. Silicon nitride was chosen as the capping material

because there appeared to be a better adhesion of the layer

to the substrate. Both 5i02 and Si
3
N4 were tried using both

a sputtering method and a pyrolytic method of deposition.

Auger analysis of the caps showed that the sputtered caps

had a high content of oxygen near the surface as can be seen

in Fig. i. Since oxygen acts as a dopant, this was highly

undesireable. Of the two caps deposited pyrolytically, the

S1
3
N4 appeared to have the best adhesion and least oxygen

content. The sputtering methods in general had much less

adherence than did the pyrolytic methods.

8
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Ga

(a) (b)
P g .  1. Auger Analysis of Sputtered Caps : a) S1

3N4, b) Si02
“1w

Annealing was done next. From previous work , a temper-

ature of 9000C was determined to be the best annealing tem-

perature for GaP (Ref 7:229). Lower temperatures have been

found effective in correcting the implant damage bu~ they

have not p~:~duced substitutional activity of the implanted
ions (Ref 7). To verify this previous finding, samples were

tested at temperatures ranging from 800°C to 1000°C and the

findings were confirmed.’ The samples were placed in a glass

holder and put in the furnace tube but outside of the heated

area. This was done to prevent the thermal shock associated

with the change from room temperature to the annealing

temperature and to allow time for the argon to purge the

furnace of oxygen. After a ten minute transition period ,

. 9 . i
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the samples were heated at 900°C for 30 minutes. Another

t ten minute period was allowed after the annealing for the

sample to cool. During the entire annealing procedure ,

flowing argon was used as the atmosphere. This provided a

clean as well as oxygen and nitrogen free dry atmosphere.

Following the annealing, the caps were removed from the

samples using a 48~ solution of HF. Since the HF solution

had no eff ect on the GaP substrate , the time of this etch

was not critical so long as the nitride layer was completely

removed. Normally, the time used was 20 to 40 minutes to

ensure that all the layer had been removed. In some cases

it was hard to determine from color changes when the layer

had been removed , so the extra time was an insurance that

all the cap had been etched off.

~~ntacts (Ref i)

The normal method of making ohmic contacts to most sub-

strates consists of just soldering leads to the substrate

using indium solder. This procedure provided extremely

unsatisfactory results when used on Ga?. Those contacts

which were conductive at all were rectifying. Much work

was done at the begining of this investigation on making

ohmic contacts to GaP. Since it was desired to make elec-

trical measurements of the implanted layer and not the sub-

strate, the electrical contacts had to be ohmic to the

implanted layer but not to the underlying substrate material.

A number of metals or alloys make ohmic contacts on

both p- and n-type material but they will not ensure contact

10 
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with only the implanted layer. Ohmic contact to only the

• implanted layer is necessary to obtain accurate measurements

using the van der Pauw technique. It was determined that an

alloy of 88% gold and 12% germanium was ohmic on n-type GaP

but rectifying on p-type. Also , an alloy of 85% gold and 15%

zinc was ohmic on p-type GaP but rectifying on n-type material.

The fact that the contacts were rectifying on the opposite

type material provided insurance that the measurements

taken were of the implanted layer and not the entire sample.

( The alloy was sputtered in an argon atmosphere onto

masked GaP samples. The mask consisted of a piece of

aluminum foil with holes punched at the corners of the

samples. This allowed the alloy to be deposited only at

spots at the corners of the chips. The normal sputtering

current was 10 to 12 ma at 1200 volts and was carried out

for 20 to 30 minutes. To obtain contacts that were ohmic

from these deposited alloy areas, the samples were heated to

500°C for 10 minutes in a flowing argon furnace. A five

minute transition period was used before and after the heat-

ing. The I - V curves were taken on a Tektronix type 575 
—

• transistor-curve tracer using a probe station to check each

sample for ohmic contacts. Measurements were taken at room

temperature (296°K) and at 96°K using a Cryogenic Technology,

Inc. cryocooler on test samples. Figures 2 and 3 show the

I - V measurements for the Au/Zn contact on p-type GaP at

296°K and 96°K. Figure Ii shows these contacts on n-type Ga?.

Similar results were obtained using Au/Ge alloy as the contacts

I • 
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0.5 ma

Fig. 2. Au/Zn Contacts on p-type GaP (296°K)
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0.5 ma

Fig. 3. Au/Zn Contacts on p-type GaP (96°K)
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Fig. 4. Au/Zn Contacts on n-type GaP (296°K)

on opposite type material.

Two methods were used to connect leads to the contacts.

Indium solder was used but due to the heat involved with

this method , leads often became loose when soldering other

leads. A silver epoxy made from silver, with a trace of

copper , and an acrylic polimer binder was also used. This

material was tested and found to provide a very good physical

and electrical bond to the contacts. Both methods were used,

however , and gave similar results.

The sample to be tested was mounted on a wand type

sample holder using rubber cement. Using the silver epoxy

‘ 
or indium solder, the sample was connected electrically to

the leads on the wand that lead to the van der Pauw equip-

£ ment. The epoxy or solder and the contacts were coated with

a protective coating of either black wax or krylon lacquer.
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This coating was used to protect the contacts from the

t • effects of the repeated etchings. •

The van der Pauw Measurement Pro~.edure

The van der Pauw technique was used for this investigation

since it could be used on small samples and thin layers.

This method required only four contacts located anywhere on

the periphery of an uniformly thick sample of arbitrary

shape. It was necessary, with this system , to measure

across different pairs of contacts to correct for the non-

uniform distance between pairs of contacts. This required

interchanging current and voltage leads to the sample . This

was accomplished through a six-position rotary switch as

shown in Figure 5. All measurements could be made without

physically changing any of the leads.

The calculations involved in determining the profile

used many different formulas. To obtain bulk resistivity,

p, in ohm-centimeters, the following formula was employed :

— 
ii t•~ CR ) f i )— 

in 2 avg ‘a

where

R - 
R p1 + Rp2 + Rbl + Rb2 +~~~~~~

+ R~2 + Rdj + Rd2 (2 )avg 8
V

Rai ~~ (3)

t = thickness of sample (cm)

C
The resistances used in this formula were obtained by

14 
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• measuring the voltage across the V leads as shown in Figure

6a, 6b , 6c, and 6d. The current was applied in both the

positive and negative directions giving a total of eight

measurements for each time the sample was measured. This

corrected for the geometry of the sample. The sheet

resistivity, p5, was obtained similarly using the equation

1n 2  (R avg ) (4)

The Hall mobility, i , in square centimeters per volt-

second was obtained by

= 108(1
~
Ret/B) (5)

where B was the applied magnetic f i e l d  in gauss and 
~
Re was

the average change in resistance when the magnetic field

was applied. The change in resistance was obtained by

eight measurements and averaged as before. Measurements

were taken with both positive and negative current and with

the magnetic field applied in both directions . The connections

to the sain~~e were as dhown in Figures 6e and 6f. The sheet

Hall coefficient was found using

R5 1O8(t
~
Re/B) (6)

The sheet mobility was obtained from

~ (R /p2).
I.t i

16
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where

= 
a 

- 

(R 9)141 (8)

~ 
( P 8)~~~1

and 

~(i/~8)~ = - 

(ps~j+l

with i equal to the number of the etch.

The carrier concentration, n, in cin 2 was calculated

from p , (i, and the electronic charge , e , in coulombs by

n = 1/(peL) (10)

The sheet density, fl j i  in cm ’ was obtained using the

equation

— _ _ _ _ _ _ _

V fl j — 11

where d~ was the thickness of the etched layer. The total

carrier concentration, N8, of the implanted layer was deter-

mined by

N8 = E n1d~ (12)

All of these formulas were obtained from References 4, 8, and 12.

Since these calculations had to be made for each etched

layer, computer programs were written to do all of the

~~~~ 

T TT:T:: :T:Tt T0
~T8ET~

t :TI IT carrier den-
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sity as a function of depth. Computer programs were also

used to plot mobility, resistivity , and other results. The

programs were also written to output the data and results

in tabular form. The main program used is included in

Appendix A and the results of the computer runs are contained

in the next chapter.

Measurement P~~ç~dur~s

A Keithley Model 225 current source was used as the

source of current and a Systron-Donnor Model 7205 Digital

Multimeter was used to obtain the voltage measurements. The

wiring was as shown in Figure 5 and the equipment sot-up was

as shown in Figure 7. The magnet uued produced a field of

approximately 7500 gauss and this field was measured with a

t Bell Model 6i5 Gaussmeter. A Keithley Model 6ioC Electro-

meter was used to monitor the current source .

After each set of moasuremonts were made , a layer was

removed from the surface by etching. Since conventional

etching methods did not prove satisfactory, another method

and etching solution had to be used A solution of two grains

of potassium ferricyanido , six milliliters of potassium

hydroxide , and enough do-ionized water to make a total

solution of 150 ml was found to be effective in etching Ga?.

The etching rate was measured for an undoped sample to

determine the etch rate. This resulted in a rate of 105 ~

per minute for the p-typo Ga? uøed in this investigation.

t ~~ 
All etching wan done in a stirred solution using a Thormolyne

Type 1000 Stirplate at a speed of eIther 600 RPM or 300 RPM.

18 
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The stirred solution was required to prevent air bubbles

f from forming on the surface of the sample and causing an

uneven etch. It was discovered later that the etching rate

varied with the implant dose. A higher dose resulted in a

higher rate of etch. Each sample was meausred on a Sloan

Dektak after the final etch to determine the total amount

that had been removed from that sample. This was used to

determine the etch rate for that individual chip. The slower

stir rate was used to decrease the etch step for the hi gher

implant doses. The rate of etch as a function of dose is

depicted in Figure 8.

As previously mentioned , the samples were etched in a

stirred solution. The samples were left on the sample holder

during the etches. The krylon lacquer or black wax on the

contacts protected them from the effects of’ the etching

solution. The samples were etched and measured until they

became too resistive to get accurate measurements or until

the etched depth was much past the LSS theorical limit of’

the implant. At this point the chip was removed from the

sample holder and measured on the Dektak. The total amount

that had been removed by the etching was determined by

measuring the step between the protected contact areas and

the etched area of the sample. The next sample was then

mounted and measured as before.

C
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III. ExDerimental Reaults

This investigation generated a large amount of results.

Some were as expected based on previous work and theory. A

large percentage of the results, however, were contradictory

to what had been expected. This section presents the results

obtained in graphical and tabular form.

Several of the profile plots have only a few points on

them and thus a true profile may not be presented. This was

due to the unexpected high etch rate experienced with some

of the samples. In a few cases, new samples were implanted

with the same dose and profiled to correct for this problem.

In most cases, the data were Oonsistent. The few inconsistent

plots were probably due to experimental error. Since the

trend on the large majority of the profiles was a decreasing

concentration and the GDOS plots are also decreasing, these

plots would appear to be valid.

With the exception of sample S-i, all the profile plots

have the same horizontal scale. This was done so that a

better comparison could be made between the different plots.

Other information contained in this chapter include

mobility and resistivity plots, efficiency vs implant dose

graphs, ‘id temperature and cap dependence graphs and tables.

p
22
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TABLE I4..
-ç

Summary of Chips Profiled

Sample Cap Implant Carrier Percent
Number Type Dose Density Efficiency

S - 1 S1
3
N4 1.0 x i0~~ 4.39 x j o12 44

S - 2 S1
3
N4 2.5 x 10~~ 6.14 x i&~

2 25

S - 3 Si
3
N4 5.0 x io13 7.98 x io12 16

S - 4 Si
3
N4 7.5 x io~

3 5.56 x ~~12 
7

S - 5 S1
3
N4 1.0 x 1014 1.06 x i0~~ 11

S - 6 S1
3
N4 2.5 x 1014 1.22 x i0 13 5

E - 3 S1
3
N4 5.0 x lO~~ 6.76 x i012

t E - 4 Si
3
N4 7.5 x io~

-
~ 9.50 x iø12 13

N - 2 Si
3
N4 5.0 x 1013 9.46 x i012 19

N - 3 Si
3
N4 7.5 x 1013 1.35 x 10~~ 18

N - 14. 1.0 x 101~ 1.06 x 1013 11

C - 1 5.0 x 1013 8.71 x io12 17

C - 3 Al,O: 5.0 i013 3.91 x io12 8



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

- .- ..- - -~~~ ------~~~-~~~--

-- ---— .- -—

7 !

0
I fl~ 0

/
I
I I

, V.,

U) C)

I U)
Q_ I

~~~~~~ 
C

1 . 
.

. 

- 

:..
Lu
—J O)

‘-4 9o’~~I 0
LL.

D - -

I — H
(J) H- 0o~~07:

~~~~~~~~

ci:
C..)
I- 00_ cl-I- -  0LLJ cl-cc~I— - 

~~~

. 
.

C—) y a’

Li.J
/ 0

LU / \. .c
/ \
/ \

rJ \  _\ 
_ _ _ _ _ _  

0
I I 1 1 J il l I I I I I I I I I I •

vi - 41 1
(C~~W 3/ I)  A IISW JO ~JI~I~iU3

24 
-

I i  _
~~~-~~ -~~~~~~---~~ -~~~~~~~ - --~~~~~ - - - --~~~ --~~~~~~ 

— -
~~~ - - -~~~~~~- 



._-
~~~ -~

--. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘
~~~
‘
~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ -‘~~~r - -

- r . . - -

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

I

H : 
. 

.

-

LL -

- - o~
- ~~~~— 

- (/D
CL. .

• L I) .rI__J .-i ~~~~ 4~
‘4_i .. a)

- 

~
_

I--c .

- I--- 
•

~~

-

~

‘ c
(_) . 

‘-I

UJ - -

-
, . 6I0’!69~~

9 
~ ~ ~ O 6~ L~ ~ ~(

~ 
( C * i c W3/ 1 )  A1I~ N~ O I~J~JU3

t
25 -

II ~ 
~~~--— ~~~--



- ‘ - . -
~~

—-,-—---
~
-
~ ~~~~~~~~~~~~~~~~~~~ .-

~
--

~~w ~~~~~~~~~~~~~~~~~ 
..

—_- — — —I,,.4-w~~-- - —

- - .- _---.---...-..- --.—_ --_—--~~~~~~ -- .,
~~~~~~~~~ -~~- -..-.—. .—.--.—,.--—---— -—..—•.- - - -

S

0
0

Cr)
- It)
In

(I)
0

cL -

‘—4

- -

(_) -
. 

U)
- 

- 0)
0 H
0 p4LU.. 

- &. -
~~~

- C J . - - I
* 0

Li_I
0 H
0~~~ -rI

.cJ)~~~
Li....

0~
hi

-to

ci:
(__) - -

0 cli
‘--c 0

.LLI ~~

I—.- 4-.

C-..) 
. 

‘—4

LU -

Li_I •

~1o~~ LH
(C*xW3 /I) A 1ISN~ O ~JJI ~i~fti3

- 
- 

26 
-

- - -- -- -- - - -~~~~~~~~~~~~~~~~~~~ - .-~~- ~~~~~~~~~~~ --~~~~~~~~~~~ - -.- - - --,~~ - -.- - -~~



~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~ - ..—-,~-_- - -

0
- 0

d
Cr)
I—I 0

C..) U,

- a)
0 H

I 0 P.
I_I... .-.

- ~~~O v

~~ 0
Li_I - 

.

O H
o’’ -‘-i

‘—4

Q .

LL. (f)~~~0
LL. - 0.z ~~~

C—) .

cl-c0 .r4

F— - 
- .. cs~

C-)
Lii .1-1

9 S P ~ ~ O1~O8~ 9 ~ ~ 
0

C (C~I~*W3/I) A IISNJO ~i~ Iè~IU3

- 

- 
27

. .

~ 

— -  

_



- —_ - - _ --,.-—_ —

4-- 
__ ____p4~~~~~~~~~~~_~~~~~._ - - - ,— - - - - — 

~~~~~~~~~~~~~~~~~~~~~~~~~

S

- 

-

- 0
0

LI) d
- - It)

I In

C!)

0~
0

-0
In U.’

- 
U)

1—4 .OD cl-4
0 .~.. 0

I i  0~~
- ~-4

L1. -

. -

I r 4
I-I-- U)

~~c5
0a ‘~-to ~~

a: -

i—c 0”— ~-4
•WOo~~.0

I-—
(_) ‘-I

~~ ~‘ g 
~ 4101!69L..9 ~ t c 

~
C- ( C * * W 3 / I )  A IISNJO ~~I~J~1U3

- 
28



_
~~~~~~~~~~ ~~~~~~~ 

- --

~~~~~~~ 
-r-- —~~

- - ---—- ‘~~~ - - r ~~ - ~~~~~~~~~~~~ ~‘~~T’~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~~~ 
-

- - 0
0

(0 d
I In

U)

I—4 0

C—) 
.

0)

‘—4
0~ç- 0

L~D . 

OZ:

~ - (/)

0a:~~~
—J 

-to - ..-4
1

C-)
I—I 0 cl-i

. LL J •,..~
- 

DcD c~

/

/ -
Li_I /

U)

0
/ 0

I U I I J  1 01 1 I J I I I  I I I I I —

S P C 
~ ~O169~ 9 ~ ~ ~ O 1 0

(C*~4J3/ I)  A 1ISN~ O èIJI~~JU3

t
L - 

29 

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



i.. _- .._--__ -..--- - —~~~~ - -g- — -r’——-~~
- 

~~~ - - - -~~
..
~~ --- --

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

-
~~~~~~~ - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- —.- — ~~ -~~~-~~ -- -— ——--~~~--

I ~
- 

-

S -

0
0

- d
I .10
I In

Lii S 
-

0
CL. - o
‘--4 0

-D
- 

- 
I,) ~~

rzI

0
LL 9 ~

IL
D -

a.... - - gcb

-It) -rI
- r-~~~~~ 4~.)

a)

j C-) - -

P
/

I— I
C—) -

- /
LU f- /  It)

I
0

I I  I t [ l E F t !  I I I I I I

( C~~ W3/ 1)  A !I9N~ O ~J~ I~~ U3

. 30

— -- -~~ -- 
--- -

~~~
-- h



— , - -~~~~~~~~ ,~-
---—-

~
- -—— ~~~~~~~~~~~~~~~~ 

—
~~~ .-~~-~

--.-- ~~~~~~~~~~~~~ crr~w ~~‘~~“ ~~~~~~~ ~~~~~~~~~~~ -L .- __ 
~‘ - - -n - .— - —-~~~~~~

-_ -
~
-

~
-—— ,

~~ 
- - - - - - - — . .  

-

S

~~~~ 0

i--I C) ,

0) / - a)
.~ / 0 H

Li.. E-c , 
- 

0

D
/ 

-

Lii / a)
—J I
‘—4 /
IL /
D /

-
~~~~~~ c~~ i

O. i

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

~~~~~~~~~~~~~~~~~~~

I
f \

.~~
._
...

n ,~T1 ~~~~ ~~~p~T r1— I- ’~ ~ c 
V~) 

~~~~~~~~~~~~~
•1 ~ LI ~ ‘4 01 ~ ‘4 U I-

(
~~~

*W 3 / I )  AIICN]C] ~J~ I~i’J 1-J3

31 -

--

~

--

~

-- -- -~~



- ——-—- --~~ -‘—-------
- — ----------- 

- ---
~~

--——-- --- .- - —
~~

- - - :‘
~~~

‘ T — 
~~~~~~~~~~~~ ~~~~~~~~~~

- --- .

-

- 

- - 

- 

- 

~
;.

-

“ -S
LL.. U)

.7:
0ct

-~~~~~ 4)

‘4-i—

-~~ C)A ~r cl-i
-
~

I—
C--)

I
I .4-4

—J th (3 - -

I I ..
- -0

U)

0

6 9 L L1 01
‘

~ 
(~ ** ( .J 3/ 1) A 1IGNJ~ ~IJ I ~~ U3

‘
- 32



- __.~~~-.—~~~~~~~~
- -~~~~~~~

-- 
~~~~~~~~~~~~~~~~~ ‘ i)~~~k.~I~ ~~~~~~~~~~~~~ ‘~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

4-

S -

- 0
0

.C\J d
I - It)
I In

z
0

- o

C-) -

a)
O s-I

LU... -

* 0

-J
I—’

IL -
~~~~~~~~~~~~~~~~~~

-

~~~~~~~~ 
0~~~H
I—
0
0,.

~~—

D~~ç .,-4

-J - ~~~~~~~~~

—4-—
—--- 0)

~~ ‘-4
C-)
I—’

-0I— - to
C-) 

‘.4

Lii
- 

r

(3
0

ii  I F U 1~~~ 1 TTT I , i •

010 L1~~~ 91 0tI 0

( C * * W 3 / t )  A 1ISN~ O ~J~iI~J~JU3

- 33 - 

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



— ~~ - .-. ~
-_ -1-—~~~~--— .—-_- _--_~~~~-- - -—~ ---~

- — ---- -— — -- —
~

--
~~~~~‘ ~~~~~

5
~-’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ — j-~~-~~-~~~--’r~~ 

—

- —-.~-,———- -—•—-~~ — —-- --- - -— - -

S

-~~~~~ 

- - 

0
0

- I -

I.’)  0
- II - In

2: -

0
0~-. - 9
‘—4 -

In (f~

o I -

IL

- 

-

~~~~~~~~~~~~~~~~~~~ I

—J g.-~~

- 

-

- :.E~-
~~~~~~~~~~

F- ‘
~~~

C-) ~—
/

~ 
- ‘-I

LU
—I

-- 
- 0 •rI

(3
I I P
L.LJ .0

P 1 1 1 1  I I I I 1 1 1 1 1  1 1 I —

- 

- 

910V 60L9 S P 2 3 Li 01~8~~~9 S P C 
~ ~,01 0

~~~~
. ( C w ~ W 3 / t )  AIIGNJO ~J~ I~J~1U3

- S

- 

34



S

-
- (3

0
.
~

j - 
~~~

—
~~

----~~- d
I 

—.-.---- 
-U)

z - 

In

2; -

C-) ~~~~~~~~~~~~~~~~~~~~~~ 

-

—4---
--- 

- 
a)

- H

IL -
-

D -
~~~-~~~
‘ 4-c

-SI Li~Dc~ 
-

‘ - CD
A -
I-’— 0

‘ .7:
O(J .rI

I 4)
‘-‘ “ ~~a: ).‘

C—) - \  .

.LL.J ~

I -0
I— rl c~
C-)
Lii 

.

.44

- I  1 0
—I 1 0
I I I  I
1.1..3 -0

It)

0
0

J I I I FP I  I I 1 1 1 1 1 1 1  F I 1 1 1 1 1 1 1 1  I — ‘ —

f l _ p  n_ p  n i0
91 ’_’

~~ LI U I  g; U ’ 4  ~ 1 U I

(~~**W3 / I)  AIIGNJO ~J J I ~J~JU3 

35
_ _ _ _  

—- - - -- - --
~~~~~

-- - —  .~~~~~~_ - - - ~~~~ --



7 ’ I S 4 -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
S ~-~~~-.:- ~z~ 

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

S 

—

~~~~~~~~~~

I - i- -  - 

-

- g

I - It)
I In

C-)
0

0... - - o
‘—4 C

-D- 

- - Cr) ‘~~

- 
- 

0
a)

O c-I

ft.. 9
0

cl-c3~C 0
Lii CI)

1-4 - .U)~~~
I I  $4
L1 ~ -s

D -

ck~ I—
(j)
0
0 H

- 0~~~ ~~I - U)
r1~~~~a: a)

- - = ‘—I
I C-)

‘—4 
-

.1ii ~0
I— — 4-i

C-) . 
C”

Lii
J 

S

LU 

I I I I I

91011 6 9 L, 9 9 2 
LI ° ’4

(~~**w3/1) AI ISN~ 0 ~i_ ~I~~~U3
- - I

,

- 

- 
36 - 



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

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

- 

- 
S

‘5
’ -. .- -

- 0
0

Cr) d
I • 1t)
I _ In

C) .

0
0... - 

0

1—4 0
- - 0

Cr) ~~~~

C—) I
0

o
IL - 9~~~

IL

0~

—
4--—- .-1 +3

(-I-- —

On
0” cl-ic~I— I-.

C—) C’)

Li_I
I 0

—I 0 I~i
I I - .LJ-J -0

- 

I,)

0
0

1 1 1 1 1 1 1  1T11T I I I 1 1 1 1 1 1 1 1  I -

nV fl (iTt (iT’ ~~- D

•I ’~~ ’ LI ’j q1 UI

( p  ( C * * W 3 / I )  A IIGNJO ~l9 I~J~JU3

_ 
- - ~~~~~

S
~~~~~~~~~

- -- —~~~~~~~~~~
-- S _

~~~~



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

- -- --- - --- ,S - S - —S.-- - -— S S
~

—-— --5 ---- — --—------—--—
- - - - as-? -5. - —V — -~~—-~~ - --- —.—--~ —— .-s-— — —

S 

- 

-

0
I 0
1 C’,,
I ‘-4
I

‘I

1 (‘~5
I ‘-I
I 0
I ‘-I

- I ‘-4-

I
- I a)

+‘

I . 0  td
I 0 - H
I
I H

I b~DI
I ti-c
I 0

I a)
I H

.44
I (I-I
I _-.~ 0
I
I
I 0
I 0 $ 4

0-P

_ _ __ _ _ _ _ _ _  

Io’c c’~ o
_ _ _ _  _ _ _ _

38 -

--  -- ---- - 



c— ~~~~~~~~~ ~~~~~~~~~~ 
-
~

-------
~

—- -. — — -
~ 

- —
~~

— - -•
~~
--, - - _ --

~~~
-- - - - ?— .- r r ~~~~-~ -

-

- : ‘
:~~~~~

- - ‘ - 
, _ — . — —

~
—

‘

---— ——--- ‘ —-— ——

H;- -

- 

- :  - -
- 

- 

l~- -

I - - i ;  - — 
- 

- 
1 _ : _  - 

— 
- I

I I

~~ - — : :  - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I I

1 .

~~~~~~~~~~~~~~~~~ _ _ _

~~

‘
‘

‘

~~ 

‘

‘~

‘ S I 

~‘i’ i’~i~
”
~ 

._—

~

.-.-.—.— .—

~

_—.-I —-

~~

i i  l’ _ I  _ I i I I - 1l _~ I -

~‘II II~I~ It I~i i I I I’ ‘ 
I

pig. 24. GDOS Profile of Mg Implanted GaP (lx 1015)

r

5 39 
4

- - _ -  — -S.



- — - — • 4 - ’~ ~~~~~~~~~~~~~ - 5- 5- 1-~~~~ 
- 

~~ 1~zLt --
~ ~~ ‘T ~~~~~~~~~~~~~~~~~~ ~~i’~~~~ - ~~‘ ~~ L~T — r~w~~--

/ 9

—
S__ I__ I

00 5— I
—

4-— / - -N ~~~~ I
W ItS 

-4-.-
-- I

/
‘S. —

4-- I
(‘Jo ~~~

-— ~~T.
—-4— / -0~—~1-4 oEN

C.)

0>> c ~ - o,..
s—i *

1-4 ~~ (f)

U,
0
E

1-11.00 20.00 40.00 60.00 80 00 100.00 120 .00 140.00
OEFTH (AN GSTROhS ) 1110

1 
—

Fig. 25. Mobility and Resistivity Plots for Sample S-i

o 0
o C

IQ~~~-4C.) 11
(Li
U)

13

> 9  9~~
C5’J ‘S.
11 U)
11 -

E _

-o
- ItS >

I—p-i
>• Os-.

a)C~01--- -C U)
N ,—,

U)
Ui
a:

o 0
o 0

I I I 1 -~~~11b.oo 50.00 100.00 240.00 320.00 400.00 450.00 500.00 —

DEPTH (RNGSTR OMS )

Fig. 26. Mobility and Resistivity Plots for Sample S-2
p

- 

40 
-

— - -— --5--- -
-- 



— — - -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— 

~~~~~~~~~~~~~~~~~~~~ . 
- -- - :-- - 

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

- 

- 

- 0
- C

- 9
C..

C..)
Li
Cl)~~ g

‘b.oo 40.00 80.00 120 .00 260 . 00  200.00 240.00 280 .00 N

OEPTH (ANG$TR OtIS )

Fig. 27. Mobility and Resistivity Plots for Sample S-3

9o
- ~#~~/~ 

_‘5._ 0~~C __ -— _, -S.._ -~~~

I-
5-. as
-i ~~~~~~~~~~ 0>

- 0 s-i
a 9  

~~~~~~ 
di-

ac, ~
~~ - Np-,

U)
ILl

o 0a
0

I I I I I I I

0.00 50 .00 160.00 240.00 320 00 400.00 480.00 560.00 N

DEPTH (RN GSTROMS )

Fig. 28. Mobility and Resistivity Plots for Sample S-4 



- _S —- - - — —  - --? - 
~~~‘I~~~~~~

5- 5-
~~~~’~~

- 
~~~~~~~~~ :-~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “-

0
2 0
- 0
o owN--, N—

I
(Li
(0° 0

*

90
— . _—~~

—- 0W —’
0- -~~-~~~~~~~ 0
• _ .~~~~~~~ N

I.-. 
——

4--
----

-

as 5-... _.—

5— —4--

- 0,-..
S_

DO- 5_
__ -I0 U) I 

-

E -
-S CO

5-’ ILl
• 0 ~~

I I I I I I I -N
0.00 10 00 20 00 30 O0 40 .00 50.00 60.00 70.00

DEPTH (RNGSTR OMS ) it lO ’

Fig. 29. Mobility and Resistivity Plots for Sample S-5

9 1 1 1 1 1  1 1

~b.oO 20.00 40.00 60.00 80.00 100.00 120.00 140.00
O~rTH (RNGSTRDt-1S) ii10~

Fig. 30. Mobility and Resistivity Plots for Sample 5-6

~12

5 - - - - -— ~~~~~~~~ -~~~~~~~~ - - --- --



—~~~~ 
- 5 ~~~~ -•__•7•~~~

___’ - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

. r a ~~r 
-

a - 
.4

,

0
‘~~~ 1

0
I - 0
a

•5_
•_

C.)
Li
U)

13 - 0
9~~“ to 0 (1)

C~I -•
0 5

0
i0>- N)..

I- I-
as

- >o -

I I I I11.oo 20.00 40.00 60.00 50.00 100.00 120.00 140.00
DEPTH (RNGSTROI IS) *10’

Fig. 31. Mobility and Resistivity Plots for Sample E-1

0
o 5-._.__ 0
- 5- 0

o —
4-— ——

5- 5-
N -~~~~ 

- C
It) 0)

C.) t’-._
IL)
U) 0O
>0 9~~-
“

--‘5 ~~C1~
C.JN

I U) -
-

* X

—e I—

• -0I..>-
I-
as - p-i

>

a9 9’-
00 I
E03 ( O~_.

U)
Li
a:

13
0 0
0

I I I I I I

9i.oo 40.00 50.00 120 00 )~~0.00 200.00 240 00 280.00
DEPTH (AN GSTRDMS ) *10 ’

Fig. 32. Mobility and Resistivity Plots for Sample E—3



7T~7~ ~~~~~~~~~~~~~~~~~~~~~~~~~

- &  

- 9o
— . —S 

-I
. 0’-’

-, as
>11) 

-i-I
,

I I ~~~~~~~ “5~~

-j 5•5_•_
•_

_ 0>p.. 0 - -
~~~ a

Cfl9 “-.~
Do .‘ ‘5 (I)

- . -

- U)
Ui
a:

0 0
O C

C I I 1 I I -0
11.oo 20.00 40.00 00 .00 50.00 100 .00 120.00 140 .00

DEPTH (RN&STR0~1S) *~ J ’

Fig. 33. Mobility and Resistivity Plots for Sample E-4

0
/‘\

* / / \  \
0 I / \  \

I I ~ V o ._.
/ /  \ \/ 1 1 ‘co(1).- / I ‘* 5../ I U)

> F 1 E
“ 0 - or

/ / 9o
/ I

7 - I
C-) / I I-
— 7 / I~ 5-.

7 / 0>
I

~9 /~ I IC _, I to (1)
I - thI .~~.as / / (,

~/ I UiC) / I I, oa:E j I, a
I 1 I 1 1 I I

40 .00 50.00 120 00 360.00 2~ 0 0 0  240.00 280.00( 
- 

DEPTH (RN GSTROI-iS) wlO ’

Fig. 34. Mobility and Resistivity Plots for Sample N-2

- 44 - -
~~

- - - S



— 
,_ .  —- ~~~~~~~~~~~~ ~ y a. -~~~ -~~ ~~~~~~~~~~ 

- 
~.‘ - 

~~~~~~~~ j~~1t ~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
“ .-‘-‘- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~

/ 0
°9

I

>9 doS.5 0
c’Jto 

‘S

* CI)
* or

9o
0’-o 413
N >

I—
0-i s-i

0>

00 0 (1)
EN -

5--- - ‘I)
Ui

0
2 ______________________ d

I I I I I I 1

40.00 00.00 120.00 150 00 200.00 240.00 280 00
DEPTH (~ NGSTR 0~1S) wlO ’

Fig. 35. Mobility and Resistivity Plots for Sample N.-3

0
0 2
I owDc, to£ __- A -.

*

—o ilr\ 2
(J O II I -

/1 \
>
‘S .-~~~ 1

I 5 0I I -
I -  I Ia I S NEN

s-i . - 1 1 o’-o I 1 i- Ct)
— ‘ N p . .

- I \ € ~o lii

2  d
I 1

‘b.oo 50.00 100.00 160.00 200.00 2~ 0.00 300.00 350.00
DEPTH ~RNG5TR0MS 1 *10 ’ 

—

Fig. 36. Mobility and Resistivity Plots for Sample N-4

45 
-~~~~~~~~~~~~~~~~~~~~~~~ - - - —~~~ 



- 
~~~~~~~~~~~~~ ~~~~ SS - 5 5  —- ~~~~~~~~~ *~..s- -.--.--~’~ --— — S~~~S5S5~ - - 5-~~S _~5~~ 5~____ ~

_ __ 
- 5 5 5 5 ~~~~ 

—I- ~~~~~~~ 
-
~~~~~

— --~~-.~~~ —-, —V - ~~~~~~~~~~~~ 
-

-

~~~~~~~~~ 

-

.

.7 5/ 
-— . 5__ — -*~~---

5-•5-S 5--S 0
>_ w 

—
i-S —a-- -i>.

—-
-4-

5-—
s-i 7 5-4

-J -4--
-— 5•_•

_ 
0>

as 0 7 5/ Op..
—i’ 5 __

~0-i /
~~~

to .7 5 OS as

--S 4-.- 
- U)

5-,
- - Ui

5-
0

• a
80 1 I I I I I I

.00 80 00 160 00 240 00 320 00 400 00 480.00 660.00
DEPTH (AN GSTROMS ) 

—

Fig. 37. Mobility and Resistivity Plots for Sample C-i

0
8 8

owN0

- 

N

8~ 

I 1
t b .oo 40.00 80.00 120.00 160.00 200.00 240.00 280.00

DEPTH (ANOSTROMS) IILO’

Fig. 38. Mobility and Resistivity Plots for Sample C-3

46
- - - -- - 5 - - - -— -- 5 -—-~~~~~~~-~~~~ - - -- - -  -~~~~~-

- -- - 



—5 — ~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ...~~. ~~~~~~~~~~~~~~ —‘-v—r ~~~~~~~~~~~~~~~~~~~ —~--~--—--- --•- — ———- S --— - _-

~
_S

~
_q5

~
__ -5 —5-- —-—- ~~~~ -~~~~~ ‘-s.~~I-r a——ar -.

.4 — — * .s—-__fl~~~~ _~_-ss—~~ — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~. w .. .— - - s -

a

10

- 

- 

- - 

- 

-

. 

-

. H!
I

/I
I
I -“s o
/ _ r l
I U)
/ ad

I D 0)
41 .r4LL~~~/ u o
I

S 
- * I *I -F-

/
I .to~~~I ~r -P

• 1~~I/ ZO )

/
/
/ -rn~~~~~

.4/

/

—
C)

--5,-

OD ’Ob 00 ’D€ 0D ’0~ 0D ’Ot 00.0
(7.) A3NJI3l .~JJ

47

- - ----5 - - - -5 -- .-5----- - -- -5 -S 5-
~~~~~~

- -
~~~~~

- - --—-
~~~~

- - —  5 - -  -



— sIr. -r in .5.-1.-5- —1.5r,.,., V -  w~— ~~~.-- .. —w - -a— ~~~~~~~~~W -  — - — —~~ —,=%rr 5-5,.fl -~~ -r- - -.,-s,-_. ~-~~~ r— - ~~~~ 

0
.4

(S

• 4 1 S

- -

-S
—

z t5I -‘0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I I I  I I
775.00 eoo.00 625.00 650.00 875.00 p00.00 925.00 950.00

TEMPERATURE (OEG-CENT )

Fig. 40. Carrier Concentration vs Anneal Temperature

8

U’S’

I’

a
0

8
eoo .oo e~s.oo e~o.oo 175.00 900 00 9~ s . oo •~o.oo

TEMPERATURE (DEG-CENT )

Fig. 41. Efficiency vs Anneal Temperature

48
_ _ _ _ _ _ _ _ _ _ _ _  

S - - - - - 5 -



-. •- .- ‘ , ._  — ~--~~
---~~~- - -  - -  - --- ~ -‘~-~ - -5~~ - - -— , ‘- -~~— - — - -  55 -S - - s r. ~~~~~~~~~~

- -- —

- . - 
- - - -- -- , ‘e,~ r s - . - -- .-.p.-—- — - - — -~~~ — -

C.) -.

hi
U) 0 0
>9 - 

-
°U)

C—SJ i-
-SI 4)I

~~~0 20
O 0

‘5) )..
I.-

~E 

I I 1 I I 

- 

°
~ 175.0O 600.00 825.00 85C .0O 875.00 900.00 925.00 950.00 —

TEMPERATURE (DEG-CENT) S

Fig. 11.2. Mobility and Resistivity vs Anneal Temperature

‘S

TABLE II

Anneal Temperature Summary

Anneal Implant Carrier Percent
Temperature 

- 
Dose Concentration Efficiency

800°C ~ x io~
3 2.65 x io12

850°C 5 x iø13 5.67 11

9oo°c 
~ x io~

3 1.25 x io13 25

950°C 5x -10~
3 **

1000°C 5 x 1 0~
3
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TABLE III

Caps Summary

Cap Implant Carrier Percent
Type Dose Concentration Efficiency

Pyrolytic 5 x 1.25 x io 13 25.013 4
Si,N4/S102 ~ 

x 8.71. x io 12 17.4

- - A1
3
02 5 x i013 3.91 x io12 

- 
7 8

Sputtered 
~ x io

13 4.22 X i012 8.11.Si.
3 ~

Sputtered 
~ ~ ~~~ 3.79 x io12 7.6

2
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IV. Diseussion

The magnesium implants as observed in this investigation

were not distributed in the substrate as had been expected

at the beginning of this study. Based on the results obtained,

two explanations have been developed to account for the experi-

mental results. This chapter will discuss the results

presented in the previous chapter and will develop the two

explanations as to why such results were obtained.

Pensity Profiles 
-

The LSS theory predicts a Gaussian distribution of the

implanted ions within the substrate (Ref 3:22). As can be

seen by the profile plots , Figures 9 through 22, this was

4 not what was observed experimentally. Almost all of the

profiles show a decreasing concentrat ion with the maximum

concentration of’ the ions located at the surface. The LSS

theory predicted that for an implant energy of 129 KeY, as

used in this study, the maximum concentration of magnesium

ions should have been approximately 1500 ~ in from the

surface. The theoretical LSS curve is superimposed on the

profile plots in Figures 9 and 16. 
- -

At first glance, it would seem that the magnesium ions

had not been implanted to the depth predicted. However, if

this had been the case, there should have been a Gaussian

distribution about whatever depth they had been implanted.

Since this was not the case, another problem had to exist.

For the most part, the profiles appeared as if only the 

~1

_ _ _ _

~ 
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second half, the decreasing half, of the curve was present.

It appeared as if the first 1500 ~ of the substrate had been

removed. Since no etching had been done between implantation

and measurement , this suggested that there might be some

other surface-removing action -taking place.

Auger analysis had been t&cen of the caps earlier to

determine the best cap to use for annealing. All of’ the

Auger plots showed relatively heavy concentrations of’ gallium

and phosphorus in the caps after annealing. This can be

seen in Figures la and lb in Chapter II. The possibility

existed that the surface was breaking down and the gallium

and phosphorus were diffusing out through the cap during the

annealing. Magnesium was probably diffusing out also but the

concentration was too small to observe. If the GaP was

breaking down, there would have been an effective etching

of the surface shifting thr~ resulting surface inward . Together

with some out-diffusion of the magnesium , this might have

accounted for the low type conversion and the profiles

obtained.

Initially, annealing had been discarded as the primary

cause of the shifted profiles since out-diffusion would have

been matched by inward diffusion resulting in little or no

change of the peak. Previous work had suggested that the

out-diffusion of the magnesium was the reason for the low

type conversion (Ref 2). Prom the profile plots obtained 
—

with this investigation , this would appear not to be the

primary reason for the low efficiency.

- 
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The combination of the breakdown of the GaP and the out-

(. diffusion of the magnesium might very well have been part of’

the problem hut it was unlikely to have been the entire

reason. The shifted amount, 1500 L would have been too

large an amount to have been removed this way. The Auger

plots did not show enough gallium and phosphorus to indicate

that this had been happening to this degree.

The Glow Discharge Optical Spectroscopy profile done on

an unannealed sample of magnesium implanted GaP supported

the idea that the surface was not being removed. Three GDOS

profiles were run on annealed and unannealed samples. The

profile run on a low resistivity (3.9 U) sample indicated

that the peak of the concentration distribution was only

approximately 75 ~ in from the surface. Another profile

taken of the high resistivity sample, like those used through-

out this investigation , indicated the peak to be exactly at

the surface (See Figures 23 and 24). Both of these profiles

had bee taken of unannealed samples. A GDOS profile of an

annealed sample showed the same type of distribution.

The electrical profiles could not have determined if’

there had been a peak 75 ~ in from the surface due to the

etch steps experienced. The smallest etch step obtained was

greater than 200 ~~. Whether or not the peak was at 75 ~ or

at the surface did not matter , it was still far from the LSS S

predicted 1500 L

Another possible explanation for the profiles observed

is based on a theory presented by L. N. Large and R. W.
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Bicknel of the Services Electronic Research Laboratory, U. K.

(. (Ref 9). High-energy ions lose their energy as they pass

through a solid by collisions with both target electrons and

atoms. Bohr’s work showed that the most important criterion

determining which process was dominant is the velocity of

the ions. For particles of high velocity compared with the

velocity of the electron in the Bohr model of the hydrogen

atom , the dominant energy-loss process is the one in which

energy is imparted to the target electrons (the electronic

collision process). As the velocity is reduced , the dominant

process becomes the one in which energy is imparted to the

individual target atoms (the nuclear collision process).

When electronic processes dominate in the energy-loss mecha-

nism , the resulting distribution of the implanted ions is as

shown in Figure 43. When nuclear collision processes

dominate, the resulting distribution is as shown in Figure 41-i- .

The profiles obtained experimentally were much the same as

this latter type.

- 
No ol
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The LSS theory is not contradictory to this theory. The

LSS theory merely adds both collision processes together.

Large indicates that one process might dominate over the

other. For low velocity ions , the nuclear process would

predominate. Since only 129 KeV was used for this investi-

gation , it is very likely that the magnesium ions used here

were of the velocity that caused nuclear collisions to

dominate. -

Of the two explanations presented , this latter one would

appear to be more likely. It is highly unlikely, from the

data obtained , that as much as 1500 ~ was being removed by

the breakdown of the GaP. Both the GDOS profiles and the

electrical profiles indicated that the theory presented by

Large and Bicknel is correct.

Conversion Efficj enc~
In all cases, p-type conversion was obtained. The

efficiency ranged from as high as 44% to a low of 5%. The

average was approximately 17%. The low dose implants gave

the highest efficiency. This appeared odd at first but it

could be explained by the implant damage associated with the

increasing implant doses. Samples implanted with a dose of

~~15 ions/cm2 were so damaged that very little of the damage

could be corrected by annealing. The resistivity of these

heavily implanted samples was so high that electrical

measurements could not be made. The heavy dose had turned

( the material almost completely amorphous. These results

were consistant with those obtained by Gelpey at M.I.T. (Ref 2).

- 55 - 

---- - -~~~~~~~~ - -~~~~~~~~~- -55- - -- - --~~~
5- - --5  

~~~~ -5- - -5 -- --
~~~~~~~~~~ - - 5 -- -~~~~~~~~~~~



~~-~~~~~~ 1~ 
- - ~~~~~ ~~~~~~~~~~~~~~~~~ - - - ~~~~~ —

~~~~~~
--

~~
-
~~

-
~~

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

Figure 39 shows how efficiency varied with the implant dose.

Anneal ing Temperature

All of the profile runs were made using an annealing

temperature of’ 900°C. This temperature was based on work

done previously by Inada and Ohnuki, and Gelpey. To verify

that this was the most efficient annealing temperature to use,

samples were implanted with the same dose (5 x io13 ions/cm2)

and annealed at 800°C, 850°C, 900°C, 950°C, and 1000°C. The

results of -these tests can be seen in Figures 40 and 41 and

Table II. The number of active carriers and thus the percent

of’ efficiency or type conversion increased up to the 900°C

run. Samples annealed at 950°C and 1000°C developed severe

fractures in the surface due to the high heat. These

fractures caused these samples to exhibit extremely high

resistivity, thus preventing any Hall measurements. As can

be seen in Figure 112 , the resistivity of the implanted

material decreased as the temperature was increased up to

the 900°C limit. This would indicate that more carriers were

present. From these results, it appeared that 900°C had been

the best temperature to use for annealing.

Several previous studies had suggested that out-diffusion

of’ the implant was the prime reason for the low ef ficiency

and that a suitable cap would prevent this. To check this

F -  theory , several different caps were tried. Sputtered Si02,
4 . Si

3
N4, and A1

3
02 and a pyrolytically deposited cap of Si

3
N4

56



covered by a layer of Si02 were the caps tried. The results

of these tests are shown in Table III. All but the layered

Si
3
N4 and Si02 showed efficiencies much less than with the

standard pyrolytic S1
3
N4 cap used throughout this investi-

gation. The layered cap was better than the two sputtered

caps but was still not as good as the pyrolytic Si
3
N4. The

Si3
N4 cap showed a higher efficiency here than with the

previous profile measurements but was still within the same

range. There may be other caps that might give a higher

efficiency but these were all that could be obtained for

this investigation. However, with the other results obtained

with the profiling, the cap would not appear to be the prime

reason for low efficiency.

Other Results

Other graphs in Chapter III show that resistivity

increased as the depth increased. This was consistant with

the decreasing concentration profiles obtained. If there

were fewer carriers , the resistance naturally had to be

higher. The mobility also increased as depth increased but

in a few cases dropped at the last measurement. This drop

would indicate that the implanted region had been etched

through leaving only the substrate.

Another characteristic was observed that caused concern

but proved not to be a significant problem . It was observed

that the Si
3
N4 cap caused a slight p-type layer to form

during the annealing. Un-implanted samples were measured

and it was found that the layer of conversion was less than

- 57
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100 ~~. This p-type layer was probably caused by the GaP

breaking down. Gallium has a higher diffusion rate through

the cap than phosphorus and would tend to leave a layer of

gallium vacancies. This would have caused a p-type layer to

be formed. Since the depth of this layer and the percent of

conversion was very low , it had little effect on the overall

results of’ this investigation. It would , however, have

accounted for the slightly higher surface concentrations

observed in some of the profiles.

1)
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V. Conc)usiori

It has been shown that the concentration distribution

of magnesium implanted GaP does not follow the normal LSS

predicted distribution. The general trend Thr all samples

tested was a decreasing concentration as dep-th increased.

These results agreed with th e theory presented by L. N. Large

and R. W. Bicknel where nuclear collision processes dominate .

In all cases, p-typo conversion was obtained with the

magnesium implants. The efficiency obtained with this investi-

gation was generally higher than that previously observed by

Gelpey and others. An annealing temperature of’ 900°C was

found to be the most efficient and was used throughout this

investigation. This agreed with work done by Inada and Ohnui

but slightly disagreed with Golpey ’s work . This disagreement

could he entirely duo to different temperature measuring

equipment. It is possible that a different annealing cap

might give a higher efficiency but from results obtained ,

Si
3
N4 deposited pyrolytically appeared the best.

One possible method to improve efficiency would be to

implant at elevated temperatures thus allowing lower annealing

temperatures. More work is needed in this area to determine

if this is indeed a feasible method. Other implants should

be profiled in GaP to determine if -the same typo of carrier

distribution is obtained as with magnesium. A higher implant

energy, above 300 KoV , should be tried to see if a highor

energy would cause electronic collision processes to take

over and give a Gaussian distribution. A more controlled

59 
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etch rate should be used with smaller etch steps to determine

if there is a peak in the profile near the surface but not

exactly at it. And , of course , this investigation should be

repeated to determine the repeatability of’ the results
- ! obtained.

Gallium phosphide has many potential uses due to the

wide bandgap and visible light spectrum it possesses. Thus,

with more progress in this area, it can become a very useful

and important semiconductor material.

I
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Appendix A

CpmDuter Program to ~.alculate ~~çi Plot
Q~~rier Density, Mobility,

~~~ Resistivity

PROGRAM HALL(IN?UT ,OUTPUT ,PLOT)
INTEGER X,Y
REAL N(i5), MU(15)
DIMENSION R(15),ANGS(15),RHO(15),ANG(15)
REAL NS ,I1,12 ,13,14 ,15,16,I,IA
PHI=3.1’1-15926$4
E=1,6E-19
A=.693147181
CALL DATE(DA YS )
CALL TIME(HOURS)
PRINT* ,” THIS RUN USES MARSH ’ S EQUATIONS”
PRINT* ,II THIS DATA IS FOR SANPLE S-i”
PRINT*
PRINT 877,DAYS ,HOURS
J=O
NS=O
ANGS1=O

‘I — READ* I B,T
10 CONTIN UE

J=J+1
REA]Y* ,ANGS(J)
IF(EOF(5LINPUT) .NE.o.o)Go TO 40
READ* ,Ij. ,12,13,14
READ*,V1,V2 ,V3,V14~,V5,V6 ,V7,V8
RA=ABS (Vi/Il)
RB=ABS (V2/I1)

‘- RC=ABS(V3/12)
RD=ABS(V4/12)
RE=ABS(V5/13)
RF=ABS(V6/I
RG=ABS(V7/I
RH=ABS ( V8/14)
RAVG= (RA+RB+RC+RD+RE+RF+RG+RH)/8 .0
R}IO(J)-PHI*RAVG/A
READ* , IA
I=ABS(IA)
PRINT*
READ*,VAj. ,VA2,VB1 ,VB2,VC1 ,VC2,VD1 ,VD2
READ* ,VEj. ,VE2 ,VF1 ,VF2,VG1 ,VG2 ,V111 ,VH2
VA=ABS(VA1-VA2)
VB=ABS(VB1-VB2)
VC=ABS(VC1-VC2)
VD=ABS(VD 1-VD2)
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VE~ABS(VEi-VE2)VF=ABS(VF1-VF2) .

VG=ABS(VG1-VG2) - -
VH=ABS(VH1-VH2)
R1=VA/I -
R2=VB/I
R3= VC/I
R4=VD/I
R5=VE/I
R6=VF/I
R7=VG/I
R8=VH/I
DELTAR= (Ri +R2+R3+R4+R5+R6+R7+R8) /8
R(J)=1 .OE+08* (DELTAR/B)
G0 T0 25 -

40 CONTINUE -

Y=J-1
X=J-2
DO 30 M~1, X -

c=(R(M)/(RH0(M)**2))_(R(M÷i)/(R}1o(M÷i)**2))
D~(1.O/RHO(M))-(1. 0/RHO (M+1))IF (R(M).NE.R(M +1))G0 TO 33
C=1.OE-99
PRINT* , “MU ( ”  ,M , ”) AND N ( “ ,M ,” ) INVALID ”

33 IF (RHO (M).NE ,RHo(M+j.)) GO TO 35
D=1,OE-99
PRINT * , “~1U ( ”  ,M ,”) AND N ( ”  ,M , ”) INVALID”

3.5 MU (M)~ ABS(C/D)N(M)=ABS(D/(E*MU(M)*ANGS(M+1)*1.oE_o8))
NS=NS+(N(M)*ANGS(M+1)*1 .OE-08)

30 CONTINUE
100 FORMAT (1X , “SWPOS ” ,8X , “I” , 13X, “V” , 13X , “ R ” )
150 FORMAT(3X ,I1,4X ,E11.~~,3X ,E11.5,3X ,E11.5)
200 FORMAT (3X ,”FOR A DEPTH OF ” ,F6.O ,”ANGSTROMS , THE DATA IS& ”)
250 FORMAT(18X,”I “ ,Eil 5)
300 FORMAT (1X ,”SWPOS ” ,7X ,”V 1” ,12X ,”V2” ,1OX ,”DELTA R ” )
350 FORMAT (2X,12,4X ,E11. 5,3X ,E11,5,3X ,E1j. .5)
1100 FORMAI(5X ,”SHEET ~ESISTIV iTY ( flHO ) 

~- “ ,E1I.5,1X)• 4~o FORMAT(5X ,”SHEET 1-tALL COEFF =“ ,E11.5)
500 FORMAT (5X, “TOTAL CARRIER DENSITY(N)~ ” ,E11 5,1X , “1/CM**2’t)
550 FORMAT (30X,”AVERA GE R = “Eil.5)
600 FORMAT (24X ,”AVERA GE DELTA R = “ ,E 11.5)
650 FORMAT(4X, “DEPTH ” ,4X , “CARRIER DENSITY” ,4X , “MOBILITY ” ,-. 1OX ,”RHO”)
700 FORMAT(4X ,F5.O ,6X ,E11.5,1l-X ,Ei1.5,4X ,E11.5)
750 FORMAT(19X , “SUMMARY OF RESULTS”)

CO TO 9O
25 PRINT 200,ANGS1+NAGS (J)

PRINT *
PRINT*
PRINT 100
PRINT 150,6,Ii , Vj,RA
PRINT 150,6,I1, V2,RB

- 
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PRINT 15O,7,I” ,V3, RC .
PRINT 150,7,12,V4 ,RD

( ; PRINT 15O ,8,13,V5,RE
PRINT 150,8,13,V6 ,RF
PRINT 150,9,14,V7,RG
PRINT 150,9,14,V8 ,RH
PRINT*
PRINT 550,RAVG
PRINT*
PRINT*
PRINT 250,1
PRINT 300
PRINT 350,10,VA1,VA2 ,R1
PRINT 350,iO ,VB1 ,VB2,R2
PRINT 350,10,VC1 , VC2,R3

- - PRINT 350,1O ,VD1 ,VD2,R11-
PRINT 350,11,VE1,VE2,R5
PRINT 350,lj.,VF1,VF2 ,R6
PRINT 350,1i ,VG1,VG2,R7
PRINT 350,11,VH1,VH2,R8
PRINT*
PRINT 600,DELTAR
PRINT *
PRINT*
PRINT 400,RHO(J) —

PRINT* - -
PRINT 45O ,R(J)
PRINT*
PRINT*
ANGS1=ANGS1+ANGZ (J)
ANG(J)=ANGS1 —

GO TO 1O
90 CONTINUE

PRINT 750
PRINT*
PRINT 650

- ~~
- PRINT~ , “********************************* ***************“

DO 20 K=i ,X
PRINT 700,ANG(K) ,N (K ) ,Mu(lc) ,RHO(K)

20 CONTINUE
PRINT*
PRINT 500,NS •-

PRINT *
PRINT 877,DAYS ,HOURS

877 FORMAT (8X ,”DATE OF THIS RUN “ ,AiO ,jOX ,”TIME “,MO)
CALL PLOT(O.O ,-il.O,-3)
CALL PLOT(i,O ,2.O ,-3)
CALL SCALE(ANG,7.51 X,1)
CALL LGSCAL(N,1l-.75,X)
CALL LGAXIS(O.O ,0.O ,25HCARRIER DENSITY (1/cM**3) ,25,
&k.75,9o.,N (x+1),N(x+2))
CALL AXIS (o. , 0. , 17HDEPTH (ANGSTROMS) ~-17, 7. 5,0.,

- -  &ANG(X+j.) ,ANG(x÷2))

6’l
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CALL LGLINE(ANG ,N,X,1 ,i,i)
CALL SYMBOL(t ,O ,1i, 75,0,21, 3OHELECTRICAL PROFILE OF CHIP
&S— i,O,,3O)
CALL RECT(-.75,-.5,5.75,8.75,O.093)
CALL RECT(-1.875,-2.O,8.5,11.O ,O.O ,3)
CALL PLOT(i1.O ,—1O ,-3)
CALL PLOT(i.O,2.O ,-3)
CALL SCALE(MU ,4,75,X ,1)
CALL SCALE(R}LO ,11-.75,X,1)
CALL AXIS(O. ,O. , 22HIVLOT3ILITY (CM**2/V SEC) ,22,11- .75.90.,
&M1J(x+1) ,Mu(X+2))
CALL AXIS(7.5,O.,21HRESISTIVITY (ol-IMS/sQ),-21 ,4.74,9o.,
&RHO(X+1) ,RHO(X+2))
CALL AXIS(O. ,O. ,17HDEPTH (ANGSTROMS ) ,-17, 7.5,0.,

- 
&ANG(X+jj,ANG(X+2))

CALL LINE (AN G ,1~dU ,X ,1,1,2)CALL LINE (ANG ,RHO ,X ,1,1,1)
CALL SYMBOL(— .25,4.7,.21,2,0.,-1)
CALL SYMBOL(7.75,4.7,.21,1.O.,-1)
CALL RECT(-.625,-.5,5.75 ,8.75,O.O,3)
CALL RECT(-1 .8 75, -2.0 ,8. . 5 ,j 1 . O ,O. 0 , 3)
CALL PLOTE
STOP
END

t 

65
_ _  — - 5 --~~~~~~~~~ - 



- ~~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~ -~~- -‘. •‘ ~~~~~~~~~~~~ i~ ~~ ~.. ~~~~~~~~~~~~~ *J~~~~~ ~-:; - -~~~~~ —‘~~~ T7;~fl- ~~~~~~~~~~~~~~~~~~

Appendix B

~~~ Lindhard, Scharff, and Schiott Theory

The LSS theory describes the distribution of implanted

atoms in an amorphous solid. In application to semiconductor

material, the amorphous solid is approximated by implanting

along an axis which is not parallel to any channels in the

lattice. In this thesis-, the implants were made approximately

7
0 off the [iii] direction. The LSS theory considers the

stopping power of the atoms in the substrate on the implanted

ions through a kinetic energy loss argument. The result is

a Gaussian distribution in which the range, ~~ (position

of the peak of the distribution) and the standard deviation,

depend on the implant energy and the atomic numbers of

the implanted ion and the substrate material. Gibbons and

Johnson have developed a computer program to calculate R~
and ~~~ and tabulate the results for various energies, sub-

strates, and implanted ions (Ref 3).

The concentrat ion , N(x), of the implanted ions from the

substrate surface is obtained by:

N(x) -
= 

AR~~Y~~~
eXP (Bi)

where x is measured along the direction of incidence of the

beam and

= fluence, or ion dose/cm2

standard deviation in projected range

f
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= projected range

The R~ and ~~~ can be obtained from Gibbons and Johnson’s

computer listings such as is in Appendix C.

The resulting doping profile will be similar to the

theoretical distribution shown in Figure Bi. Low energy

implants result in profiles with the peak closer to the

surface. When used for p - n junctions, the junction depth

is at the point where the profile crosses the background

impurity level. 
-
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Fig. Bi. Typical Theoretical Gaussian Ion Distribution
(Ref 2:79)
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