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his report presents the results of t~ e first six months of a
program to investigate the passivation of GaAs %urfaces using a
native insulator . b r .  implantation of phosphop”us and subsequent
oxidation of the surface was used to for-in the/ins%Ll~ator.Post-implant annealina indicates that CVD SiO24~as somewhat
better encapsulating properties than sputtered Si’~N4. It was
found that high-dose phosphorus implantation significantly reduces
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ecomposition of the semiconductor surface und r the Si02
encapsulant during high-temp.rature annealing

Aj~nealed and unannealed surfaces were oxi ad at 600’C in
dry 02 . Results of the oxidations demonstrated that the highest
quality films are grown on unannealed surfaces which received
doses of 1 to 2 x lol6phosphorus ions/cm2 implanted at energies
of 30 to 60 key.

Ion microprobe analys is of the imp lant profiles indicate that
phosphorus diffusion is not significant during either- high-tempera-
ture annealing or oxidation . Elemental depth profiles of oxide
layers indicate phosphorus incorporation Into the film in the
region fr-or. the peak of the implant to the interface with the
semiconductor. A lack of arsenic and phosphorus at the oxide
surface indicates that this region may be composed primarily of
Ga203.
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FOREWORD

The research reported herein was supported by the U. S. Air
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conducted at Rockwell International Electronics Research Center ,

Anaheim , California , 9280 3 , during the period 1 July to 31 December

1978. G. Kinoshjta was the Proqram Manaqer , and G. J. Kuhlmann was

the Project Scientist. Capt. Robert Johnson was the Air Force Project

En :ineer and Technical Contract Monitor.

The primary objective of this three-year research prograir is

to investigate the ~ass iva t ion o f ~allium arsenide ((aAs) surfaces

and th c  a;;lication of dielectric thi n—fi 1r~ overlayer s in meta]—

insulatn r-semiconductor field—effect transistc.~rs (MI~~FETs). The

~roqram is divided into thr ’c phases: Material and Native Oxide

)cvelopment. ‘jssivation Deve1o~—r~.vnt , and MISFFT F)evelonnient. This

report describes work ~-€ - rf c~rrit’d relativ e to the initial phase of the

Ma terial and N , i t i vr ’  Oxide ~evi’lopr~cn t task.

The auther is indebted to the foliowi n: ~en~~1 ’  for their

contributions to this ~ ro 1ri rn : P. ~rouet--wafer :rocessina and oxida-

t ion; F. A. Rhoads and ~1. Cooper--ion ir-~-1in tation ; R. 1. Johnson--

elec t ron d i f f ract ion: and N . Marei~ez, Aerospace Cer~-e ratiOn—— ion

microprove measurements. He would also like to thank his former

colleagues , Dr. D. H. Philli ps of Lockheed Cor~ oration and Dr. R.

Pancholy of Hughes Aircraft Company for contributions at the inception

of the program.
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SECTION I

INTRODUCTION

This repor t descri bes work performed from July 1, 1978 to

January 1 , 1979 on AFSC Contract No. F336l5—78—C—1591 , “GaA s Surface

Effects. ” The primary objective of this three—year research program

is to investigate the passivation of gallium arsenide (GaAs) surfaces

and the app lication of dielectric thin film overlayers in metal-

insu la to r - semiconduc tor  f i e l d - e f f e c t  t rans i s tors  (MISFF. Ts) .

Su r f a c e  pa s s iva t i on  i n s u l a t o r s  are used as ba r r i e r s  to

de l e t e r ious  env i ronmen ta l  i n f l u e n c e s  to improve the s t ab i l i t y  and

ie r f or m a n c e  c ’ semiconductor devices .  The rma l l y qro~m SiC 2 has

res u l ted  in the h ighes t  cu a l i t y  pa ss iva t ion  layers  in the sil icon

technology; however , limited research has been performed to study

the effectiveness of therr .allv qrowii native insulators as passiva—

t i cn  l ayers  for  I l l -V  compound semiconductors .  Although many device

applications require an extrer-cl y low dielectric/semiconductor

ir-.terface state density , a l l  semiconductor devic€ s benef i t  from

surface passivation insulators which act as a harrier to contamination

and which decrease junction leakage currents.

Several different methods have been investigated for forming

[-assivation dielectrics on GaAs. These Include thermal oxidation ,

deposited insulators, and both liculd and plasma anodization . Most

of these insulators have proved to be inadequate for many device

applications because of excessive dielectric lea)’age, large in terface

state derisitiec , and/or charge trappinic in the oxide .

1
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Oxides grown using the anodic and plasma techniques generally

require post-oxidation annealing treatments at e1evate~ temperatures

for stabilization. The major difficulty associated with thermal

oxidation is related to the high equilibrium vapor pressure of

arsenic above about 450°C , which resul ts in arsenic los s and non-

stoichiometry at the oxide-semiconductor interface . Pecause of

this loss, thermal oxidation of GaAs results prim arily in crystalline

gallium oxide (8—Ga 203), which has not proven to have suita)-le

dielectric and passivation characteristics.

Previous studies ef the thermal oxidation of the alloy

GaAs
1~~~

F
~ 

(References 1-5) have indicated the possible importance of

phosphorus , through the presence of stable gallium phosphate (CaPC 4)

in forming a hig)~~r quality dielectric than is attainable 1y s imply

oxidizing GaAs. Gallium arsenide phosphide (GaAsi_~
r
~
), unfortunately,

is not the optimum choice for many of the device applications suited

for GaAs. This situation ‘ -u:~ 1 • - i . ~-~ ~he L- i nc l :.i: ~- ner :v i:;:: eases

and electron mobility decreases as the phosphorus mole fraction , x ,

increases. If , however , only the semiconductor surface region is

modi f ied by a sui tab le spec ies such as phos phorus , and suk~sequen tly

oxidized , a native layer may resul t wh ich is composed pr i m a r i l y

of GaPO4 and has good passivating properties over a GaAs substrate.

The initial phase of this program (Materia] and N a t i v e

Oxide Development) will concentrate on investigating the use of ion-

implantation techniques to modify the GaAs surface with phosphorus

for subsequent oxidation and formation of a device quality dielectric.2
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The second phase of the program (Passivation Development) will

investigate the applicability of the dielectric developed during

the i n i t i a l  phase to device pass iva t ion  appl ica t ions .  F i n a l l y ,  the

third phase effort (MISFFT Development) will involve investigating

the use of the developed pass iva t inc j  i n su l a to r  as an act ive gate

diel ect r ic i n si m p le  d i sc re te GaAs MISFET device structures , as

wel l  as simple logic c i r c u i t s .

This r etort  describes the work performed r e la t ive  to the

in i t i a l  phase of the M a t e r i a l  and Na t ive  Oxide Development t ask .

Section 11 : - r ese n ts  a I r i e f  desc r ip t ion  of the ion implantation,

ox i d a t i o n  approach  fc’ r f o r m i na  GaAs s u r f a c e  p a s siv a t ion i  layers , and

c~isc usses some of the aspects of t h i s  approach which are crucia l  in

dete r r - in ir .q  i t s  app lica b i l i ty  to the development of device q u a l i t y

i n s u l a t o r s .  Section I I I  of the report descr ibes the exper imenta l

rocedures used cir .d p resents  the r e su l t s  achieved to date .  An

as sessment of these r e s u l t s , and plans for the next reporting period ,

are giver, in Section IV.
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SECTION II

NATIVE SURFACE PASSIVATION LAYER FORMATION ON
GaAs USING ION-IMPLANTATION AND SUBSEQUENT OXIDATION

This section b r i e f l y  describes the technical approach

selected for investigation during this initial proqram phase, as

well as the critical areas which must be evaluated in order to

assess the feasibility of the approach . Experimental results are

presented in Section I I I .

Basic Approach

St udies of the thermal  o xidat i cn  of GaAs i~~~r~ (References 1,

2 and 5) have resulted in the format ion  of a n at ive  d ie lec t r ic

which may possess some properties su i t ab le  for  MOS app l ica t ions .

In order to u t i l i z e  the desirable  propert ies  of a d i e l ec t r i c  formed

— 
in such a manner  and s t i ll  r e t a i n  the h igh  electron mobility of

GaA s , it is  desired to form a t h i n  ( - 0 .0 5 - 0 . 10  ~ rr ) phosphorus-

con ta in i r.q  sur face  layer  which in t u r n  can be ox id ized  to form the

i n s u l a t o r .  Cne method to form such a layer  is through the Introduc-

tion of phosphorus by ion ir r [1a r ~t at ion  (Figure  1) .  ThIs  approach

r.c-t only provides control over ion-dose (i.e., the phosphorus mole

f r a c t i o n ,  x , in GaA s1. P~
) and ion-energy (th ickness  of the sur face

GaAs 1_ ~ P~ l a y e r) ,  but is compatible w i th  ~ resent semiconductor

device r i ar u f e c t u r i r .a t echn iques .
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Figure 1 (cont.) Process Steps Used to Form a Thermal
Oxide Using Phosphorus Ion-Implantation

Synthesis of GaA s1_ ~~
P
~ by I o n - I m p l a n t a t i o n  of Phosphorus into  GaLs

Successful synthesis cf ternary compound semiconductors by

implantation of ions into solid substrates cf binary compounds has been

reported (References 6-9). Most of this work has involved the im-

plantation of either aluminum or phosphorus into aallium arsenide.

Belyi, et al (Reference 6) have reported formation of Lath Ca l_xAl xAS

and GaAs1_~
P
~ 

usin g imp lan t doses “ --~~~ ‘:,~- r:: ~-s 3.5 x 10~~/cm
2 at

20 keV and 5 x 1016/cmn 2 at 30 key , for phosphorus and aluminum ions ,

respectively. This latter work found that a hot substrate implant

420°C-500°C) was effective in synthesizing a relative defect—free

ternary compound , as determined by luminescence spectra. Some of

the aspects of the synthesis c-f GaAs1_~ P~ 
by implantation , and their

relation to this program, are discussed below.

6
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Phosphorus Implantation Dose and Energy Considerations

The previous thermal oxidation work on GaAs 1..,~F~ (Re ferences

1 , 2, 4, 5) and GaP (References 10 and 11) has indicated that the

p resence of phosphorus in the startinc semiconductor results in the

formatior. of cailluin phosphate (GaPO 4) as one of the primary oxida-

tion products. A comparison of the results of compositional depth

profiles of the thermal oxides grown on several different binary

compound semiconductors (Reference 11) indicated that only in oxides

on gallium phosphide (GaP) are the elements perfectly oxidized .

I n  the case of the present jar, implantation approach , it is not

known whether a high phosphorus role fraction will be reauired to

achieve a dielectric of sufficientl y hi~ h quality. It is alec not

known whether all of the implanted species must ~e incorpora ted

intc - the lattice before  the same oxidation 1-inetics and reaction

i roducts result as with the previous single-crystal CaAsi..,~
P
~ 

ex-

periments. With implanted phosphorus ions uniformly distributed in

the surtace layer and full y incorporated into the lattice structure

to form single-crystal CaAs1 ...~
P
~
, oxidation kinetics and products

are expected to be similar to those of the previous work. The

phosphorus concentration will not be uniformly distributed through

the surface region using a single implant; however , a range of

phosphorus percentage (e.g., x ‘- 0.2, 0.5, etc.) can be specified ,

which may result in oxides similar to those previously grown on

single—crystal GaA si_~
P
~
.

Al though it may be desirable to keep the phosphorus concen-

tration in the surface region high to result in a maximum of gallium

_ _ _ _  _ _ _  ~~~~~~~~~~~~~~~~ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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phosphate in the insulator, there are two reasons for keeping the

phosphorus implant dose as low as possible. The first reason is

that the electron mobility in Ca.Aai_~
P
~ 

decreases as the phosphorus

mole fraction is increased from x . 0 to x • 1.0, with a sharp

t r ans i t i on  occurr ing  at approx imate ly  x = 0 . 4  (Reference  1 2) .  If

the entire phosphorus-containing layer is consumed dur ing the oxida-

tion step , then this  problem wi l l  be al leviated because the sem i-’

conductor beneath the insulator  w i l l  be g a l l i u m  arsenide ( i . e .,

x 0). The second reason for using a lower phosphorus implant dose ,

if possible, is that any implantation—induced crystal lattice

damage, if present, would be expected to be reduced . Based on these

considerations, the i n it i a l  inves t iga t ions  have been aimed toward

formation of a surface layer which contains a phosphorus mole

fraction range of 0 .~~ x 0.4.

To calculate in a s i m p l i f i e d  manner  the depth and the peak

concent ra t ion  of an implanted  gauss ian  d i s t r i b u t i on  (F i qu r e  2 ) ,  the

projected range , R~~, of the implanted ions and the devia t ion  about

the mean , ~~~ are recuired . The projected range st a t i s t i c s  for

phosphorus in g a ll i um  arsenide are not tabulated , and approxima-

tions must be used . It  has been observed tha t , wi th  an atomic

densi ty  ccrrect ion , the resul ts  for  a b ina ry  compound are indis-

tinguishable from those of a target elerent whose atomic number is

the average of those of the elements in the compound (Reference 13).

&ecause the range statistics are d±rectly proportional to atomic

density, only a simple scaling factor is required in the conversion.

In the present case, the tabulated range statistics for phosphorus
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in cc- rmaniur  (~ ~2 ) w i l l  be used to approx imate  those for  phos-

phorus in gallium arsenide [~ alliur (~ 31) and arsenic (Z • 33)).

The ato m i c  d e n s i ty  of Ge is 4 . 4 2  x io2~ atoms/cm 3 , and the molecul ar
22 22 3c2ensity ef GaAs is 2.21 x 10 iro1ecules/cm~ or 4.42 x 10 atoms/cm

(Reference 14). Therefore, no s ca l ing  correct icr  Is required in this

case . Table 1 cive s the prc’-iected range statistics for selected

imp lant energies of interest in this work .

The thickness of the phosphorus-containinq surface region

rust Pc accurately contro1lec~, because it is desired that all or

most of this layer be consumed during the oxidation step . Therefore,

for this investiç~ation the range of the implanted phosphorus ions

9



Table 1. Projected Range Statistics for Phosphorus
Implantation into (ialliuzn Arsenide
(Adapted from Reference 13)

Projected Range Projected Standard Third Moment
Energy (keV) Rp, (pm) Deviation , ~R~ 1 u~m) Ratio Estimate

20 0.0174 0.0116 0.322
30 0.0248 0.0158 0.270
40 0 .0 3 2 2  0.0 198 0 . 2 2 3
50 0.0398 0.0236 0.181
60 0.0475 0.0273 0.141
80 0.0632 0.0344 0.071
100 0.0792 0.0412 0.008
120 0.0995 0.047f —0.048
130 0.1037 0.0508 —0.074
140 t 0.1120 0.0538 —0.099
150 0.1203 0.0568 —0.122

is chosen to be u n i t e d  to less than 0.1 ~.rr , which corr espo nds to

an implant energy cf less than approximately 130 keV for an uncovered

GaAs surface. For surfaces coated with an encapsulation dielectric

such as SiC2 or Si 3N4, appropriate energy corrections must be made

to take into account the thickness of such films.

With the projected range information available , approxima-

tions of the required ion implantation dose can be made. As an

example , assume a CaA si_~
P,, layer is to be formed with a phosphorus

mole fraction of x — 0.33. Let it be assumed that all of the im-

planted phosphorus atoms are completely activated and that the

replaced arsenic atoms are lost during high temperature annealing

and/or oxidation steps. The molecular ciensity of GaAs is 2.2 x io22

10
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molecules/cm 3, and because the number of gallium atoms must remain

constant and available for bonding to the implanted phosphorus atoms

to form the alloy , the gallium atom density is 2.21 x 1022 atoms/cn~
3.

If N~~ s NAB , and N~ are the atomic densities of gallium, arsenic,

and phosphorus , respectively, then

+ N~ — 2.21 x io22 cm 3, (1)

to form a stoichiometric alloy of 
~~l-x~x ” It should be noted

again that the originally present arsenic atom s which have been

replaced by phosphorus are unaccounted for in this expression .

In the present example of x • 0.33 , then

NAS + N~ = (2N~ ) + N~ , (2)

and NC 3N~ (3)

or — —~~~~~~ = 7.35 x 1021 atoms/cm 3 (4)

The implanted phosphorus Ion dose required to produce

7.35 x 1021 atoms/cm3 car be calculated assuming a qaussian distribu-

tion and using the simplified expression (Reference 13)

NI
~ 2.5

where N~ is the peak concentration/cm3 in the imp lanted reg ion,

is the projected standard deviation given in Table 1, and N1
is the implanted dose in ions/cm2. Therefore, if an energy of 60 key

is chosen (R
e
.. 475J~), then the required implant dose is approxi-

mately 5.02 x io]6 ions/cm2.

L 
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Table 2 give s the imp lant dose and energy values required to
achieve several different phosphorus mole fractions of interes t

in the region of the implant peak . These values are for samples in

which ions are implanted directly into the surface (i.e., not through
an encapsulant.)

Table 2. Phosphorus Implant Parameter
Values of Interes t

Peak
Phosphorus Implant Implant Approx. Implant

Mole Fraction Energy DoQe 4yer Thickness
x (keV) 

— 

(cm ’) (A) ( R,~ + ~P)~~

0.10 30 8.73 x 1015 400

60 1.51 x 1O]6 750

100 2.28 x 1016 1200

0.20 30 1.75 x 1016 400

60 3.02 x 1016 750

100 4.56 x 1016 1200

0.30 30 2.62 x 1016 400

60 4.53 x 1016 750

100 6.84 x 1016 1200

0.40 30 3.49 x io]6 400
60 6.04 x 1016 750

100 9.12 x 1016 1200
0.50 30 4.37 x 1016 400

As in silicon device technology multiple implants of various

energies can be used to tailor a relatively uniform phosphorus

concentration throughout the surface layer. However, due to the
long times required to achieve some of the higher implant doses ,

initial experiments have investigated single implants.

12 
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Additional Considerations in Forming G&AS1-~P~ Layers

Phosphorus Implant Dama-~~~ -The high-dose low—energy phosphorus

implants are expected to result in the formation of an amorphous

region near the semiconductor surface . Few experimental results are

a v a i lab l e  fo r phosphorus imp lan t a t i on  In to  GaAs. However , several

othe r species have been implanted into GaAs , and results from these

experiments can be used to an t i c ipa t e  the behavior of the phosphorus

i r~ lant. A pc’~ t - imp1ar ,t  high-temperature annealing treatment is

~; cn e r a U y  req u i red  to e l e c t r i ca l l y  ac t iva te  dopant species , such as

Sc , S . or Re , and to remove i m pl a n t - i n d u c e d  c rys ta l  l a t t i c e  damage .

This annealing step is u s u a l l y  performed us ing  an in su l a to r  encapsulant

to avoid thermal decomposition cf the GaAs surface . [Problems

associated with this procedure are described later.]

The prese nt s i t u a t i o n  i s  somewhat d i f f e r e n t  because e l ec t r i ca l ly

a c t iv e  species ~~~ no t  bei ng in t e n t i o n a l ly  ir p l an t e d .  Powever , to

p r cv i de  a c ry s t a f l i r ’  C
~
a7. i_~

F>. surface layer whose structure is sim ilar

tc that used ir. ~rcviruF c x i d a t i o n  s t u die s  (Ref erenc ? s  l — ~~) ,  i t  i s

ex pected t~~at a post-jr-plant anneal or hot subst r a te im pla n t w i l l  he

r er~u i r e d .  I t  is nct known whether restructuring the semiconductor is

eve r, a necessary con di t ion  for  f o rm i n c  a good q u a l i ty  insu la tor .

The in i t i a l  expe r imen ta l  r e su l t s  of th i s  program., descrIbed later ,

.ndicate that rrcry stallization may not be required .

A recent  put’lication (Reference 9) discusses the format ion of

de fec ts  created L-y ~~~~~~~~~ Implantation into GaAs at doses c 1 interest

in this work. Rutherferd backscatterinq analyses indicate that an

amorphous sur f ac e  layer r e s u l t e d  only for  room temperature implants .

13
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However, defect distribution profiles evtended deeper (400O~~ into the

substrate for implant temperatures up to 400’C. The total defect

density decreased as the implantation temperature increased and

this behavior was mainly due to a decrease in the surface defec t

density. The presence of the deeper defect profile tails was

attributed to the accelera tion of de fec t d iffusion as a result of

the irradiation . This assumption was supported by the fact that

the defect profile tails were similar for both the hot and room

temperature implants. A slightly earlier work (Reference 15) found ,

using cathodoluminescence , that no defect region existed under the

phosphorus-implanted region . However , a defect region was found for

the case of aluminum implanted into GaAs and its formation was

attributed to excess gallium atoms being forced into the bulk of

the crystal. In the case where a volatile (group V) component is

replaced , such as for phosphorus implantation , it was stated that

the excess gallium required for reaction is probably formed by

evaporation of the arsenic.

Because of the discrepancies in these earlier works , it

is not known whether the formation of defects is a significant

prob lem , particularly in the present case where it is desired to

consume most or all of the implanted region during thermal oxidation .

If defect regions extend deeply into the semiconductor , then deep

traps or oxide-semiconductor interface states may result and degrade

ultimate MOS device performance . The experimental investigation of

possible amorphous-layer and defect-region formation , and the effec ts

of both hot substrate implantation and post—implant annealing, is

discussed later.

14
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l s ~-I_mj~ j~nt E- nc~j~su1ation and_Anneali~~ --As mentioned earlier ,

. t : ~ Lri ~ u1ator is usual ly used to protect  the M l l i u m  a r sen i d e  s u r f a c e

:rom therma l decomposition , due t n  a r sen i c loss, during hiqh-temperature

~o st - i m p l a n t  a n n e a li n q . The i’~sulator usuall y used for encapsulation

~.s silicon n it~ i d •  (~~i 3~:4) ~References 16-18), althou (,h silicon dioxide

( S i e 2 ) (Re t er ences  19— .~1) and iou~ 1 ’  layers ~~ n i t r i de / o x ide  ( R e f e r —

‘~~~Ct’ .h~) hav ~ also been inv~’~;t  ij a t t ’ d  . In  m~~~t cast’s the ions are im—

I - t ~’. t ed  t h r o u -~~ the 1n~; u 1 t t  i n - i U~vi ’rs and the sami’les are then annealed .

I : - ~ n Y ’ ’ ion t~ t h. ~ise  • ~ n , ‘nc -~
;
~~lant , s( ’vor 3l  werkers (References 2 3 _

.
~~~~~ ) h av e  i n v t ~ ;t  i : t e d  ~~u 1 t s s  •e~nca1 i n ~ under v i r i o ~~s conditions.

The post-Implant annealing temperature significantly influences

the total  disorder rema in inq  a f t e r  I o n - imp l a n t a t i o n , as described

earlier. Because of the volatility of arsenic at the annealing

t emperatures requi red  for  c rysta l  r e s t ru c t u r i n g , both the s t ructural

qu a l i t y  and adherence p roper t i e s  of the deposited encapsulant  are

cr i t i c a l  for  m a i n t a i n i ng  su r face  s to ichiometry .

Some workers  (References 16 , 19) ha ve found tha t  deposited

SiC2 is unsuitable for encapsulation because gallium from the substrate

tends to d i f f u s e  throuqh the oxide. Other workers, however , (Reference

21) have found that 5102 is as effective as S13N4 as an encapsulant.

Recently (Reference 22) annealing temperatures as high as 1100°C have

been achieved using a Si 1N4/~11O2 double layer. Although nitride

encapsulants are now commonly being used in GaAs device fabrication

processes, a wide variety of effects, including adherence problems ,

cracking and blistering at high annealing temperatures, have been

observed . The quality and repeatability of the annealing process

15 
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appear to be very sensitive to both the surface preparation prior

to encapsulant deposition , and the type of deposition process itself

(e.g., plasma or sputtered). Because of the variable results

reported in the li tera ture and those obtained thus far in this

~;t ~~~ it t ;  ;~~~ t :  s t h.t t h~’ enc~t n s u 1at  ie!1 ’arln (’alinq process is not

I ~~~~~ ~~~ ~~~ ~ ~~~ i~~s ~~~ ~~
- 

~~~ an ~t i  t

Few capless annealinc results have been reported , and mos t of

those which have been presented depend on a sealed tube and over-

pressure of arsenic to minimize surface decomposition . These tech-

niques do not appear to be suitable for larie-scale device produc-

tion. A recent r e s u l t  (Reference 25) in which uncapped implanted

surfaces were in . intimate contact with the surface of another GaA s

wafer , indicates that there may be some hope for a s i m p l i f i e d  capless

annealing procedure.

Oxidation Considerations

Oxidation Temperature and Time--The upper temperature limit

f or the  crcwth  of acceptable ther iral  oxides or~ G.aAs0 5P0 5  has been

established as 700 C (Reference 1). More recent work (Reference 4)

has indicated that a lcwe r oxidation temperature reduces arsenic-

loss from the oxide and also results in lower dielectric leakage

currents. similar oxidation behavior to that observed previously

would be expected In the case of an Ion- .mp lanted surface if the

phosphorus concentrat ion is uniform and crys tall inity is completely

restcred by ar.nealinq. F owever , the effect on the oxidation

behavior of the excess arsenic which must be replaced by the phos-

phoru~ is not known . In addition, the effects on the oxidation

16
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behavior of a nonuniform ph sphorus concentration with depth , using

a sinqie implant , and the possibility of i~ complete anneallnq ~~

~~J r.ow ns to be evaluatec~. Some thitial results are given in a later

secti on .

Oxide Thickness--The thickness of the grown oxide can be

con t r o l l e d  by the io n - imp l a n t  energy and subsequent h ich  temperature

processin~ steps . From the results of thermal oxidation on hulk

(;aAs 1_~~
)
~ (Reference 26) it is expected that the ratio of the thick-

ness of the semiconductor consumed to that of the oxide grown is

~j-~ roximatc1 y 2/3. For example , to grow a 1000A-thjck oxide , the

phosphorus—contain~ n.; surface rec-don must be approximately 7OO~.

thick . This thickness then det~ rrn~nes the selection of an ion-

ir-~~lant which has a rear. range of approximately 40O~ into the GaAs.

There~c—re , fror Table 1, it is seen that an energy of about 50 keV

hi ll ~e requirec f c - r an implant into a bare GaAs surface.

R e d i st z ib u t i c - r of _ I~ p 1ar .ted Pho~ j h r r us - -A  final possible

effect which rust 1e considered is that of redistribution of the

ir~ 1anted phosphorus during toth the annealinc and oxidation steps.

The d~ ftusior . of phosphorus  in GaAs has been recently investigated (Refer-

ence 27) . These workers observed a strcr .n concentration-dependent

increase in the diffusion coefficient at all temperatures from

800-1100°C, for phosphorus concentrations near _ io 22 atoms/cm 3. This

value is in. the concentration range of Interest for forming GaAsj_~
P
~
.

At the lower annealing and oxidation temperatures (500—800°C) used

in the present work, however , thermal redistribution is not expectel

tc be a significant problem . The experimental results presented

later tend to confIrm this.

17
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SECTION III

RESULTS OF ION IMPLANTATION , ANN EALING ,
AND OXIDATION EXPFRIMPIrrS

This section presents the results of phosphorus ion

implantation, post-implant annealing , and therma l oxidation experiments.

These r e su l t s  are discussed w i t h  respect to those which were expected ,

and the problems associated w i t h  each process step are also described .

Starting M a t e r i a l  and Surface  Prepara t ion

GaA s Starting Material-—The initial ion implantation experiments

have been conducted uslru (100) bulk n-type (Si-doped ) GaAs wafers.

The donor concentration specified by the manufacturer is 7 x 10~~ to

4 x 10 cr . The donor concen t rat i on  de term ined  from 1 ‘C vs .

rever~( b i a s  voltace ; lots of Fcho t tkv diodes were In the ranee i to

2 x io 18 cr 3 . Fxperiments to- deposit thin (2—4 ‘~.r- ) lichtl y doped

ci lt a x i a l  l aye r s  ~-v m e t a l— o r q a n i r  chemical  vapo r depos i t ion  (MO—CVD ) ,

w h i c h  we re p lanned to- begin during this period , have been temporarily

jcstponed due to previous equipment corritments. The more heavily

cic -~ ed bulk raterial is sufficient to provide the required baseline

i n for m a t ior .  t-eeded !c.— r  the i n -p l a n t a t i o n  and oxidation crowth experi-

r ent  s.

Su )~st r a te  Sur face  P r ep a r at i o n - - To  prevent l i f t i ng  and f l &~inq H

c-f the irilant encapsulant durino hiqh temperature processing , it is

desi rable that the GaAs su r face  be as clean and defect-free as possible

p r i o r  to the encapsulan t  deposi t ion . To remove o rgan ic  con taminan t s

the GaA s surfaces underwent a solvent clean in trichioroethane , acetone ,

and “icrizcd w~ter. This  is usually followed by a chemical etch to

remove surface damage.
18

_ _  -



Because thinner (1-3 ~,ir) epitaxial films are planned to be

used in the latter phases of this program , this etch step rust be

well controlled. To determine a solution with the most desirable

characteristics for the present application, several component ratio

variations of the common C,&As etcharit ~!2SO4 :I~2O2(30I) :H2O were

investigated . Figure 3 is a plot of the thickness of sem iconductor

m aterial removed vs. etch time . Many o ’ these solutions left a

V s I i - - -~ 
1 -~

in. Figure 4. These surfaces darkened after exr osure to air for

several days , i n d i c a t in g a su r f ace  chemIcal instability. The use of

‘hot ’ etching solutions ( i . e . ,  f r e sh ly  mixed ) reduced t h i s  residue ,

but for m a ny  cf  the corporent ratios hiob etch  rates (Figure 3 ) ma~e

them imp ractical for app lication to thin epita xial layers.

I~ecause the sulfuri c acid-based etch soluti ons tend to result

in somewhat urstaLil ized surfaces , a h-asic solution of 20NIi4OH:7~12O2:

973H 2C- (Reference 28) was ir.vestloated. This solution has an etch

rate of a~~ roxirate1v l2~~ A ’rin a t  room temperature , and the resultinc

surfaces do net exhibit a residual layer. Therefore , this solution

has generally been used for t~’e surface polishinq .

Many defects were vis ihi r Ir. some of the early Monsanto

starting material used in the chemical etching experiments. The

etch step further delineated these defects , resulting in deep etch

its , as shown an  Figure 5. MaterIal received after discussions with

the supplier displayed lower defect densities. In general , material

19
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Fiqure 4. ~~rarsk y Contrast rhotoricroqraph
c f  Residual Surface Layer Following
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I

Figure 5. Etc-h Fits Resulting from Pot (95°C)
10:1:1 fl2504:P202:I{20 Surface
Cleaninc Itch (280X)
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obtained from another vendor (Crystal Specialties) has had a

relatively low pit density following etching.

ion Implantation

Implantations wer e performed using an Extrion Mode l 200-20 ion

1 .~~~~~~~ 
-
~~ . 

Phosphorus ion currents using this machine ranged from

1. to 3 uA , and implant times were typically 5 to 15 m m .  to achieve

the doses (e.q., 2 x iO ’6cm 2) desired for the annealing experiments.

All samp les were mounted intimately to the substrate holder using

sprir ,o clips. The sample holder was then adjusted to an anqle of 70

relative to the incident ion beam to prevent channellr.c along major

cr y s t a l lograp h ic  axes. During implantation a small region of each

wafci was Llccked off to prevent Implantati on. This  procedure allowed

a direct comparison of the effects of the various annealing and

oxidation. ste~ s on both the imp lanted and unir,planted areas.

Encapsulation and Annealing Experiments

Sil~~crn Nitride--Because of Its wide use as an implant ‘annealino

— encap sular.t, silicon nitride was initially investigated . Low-tempera-

ture rf-~ i uttered nitride films (—3000k thick) were deposited on

GaAs surfaces which had been implanted with 100 )‘eV phosphorus ions

to a dose c-f I x 1016cir 2. The samples were then annealed in

form ing gas at various temperatures for a period of one hour. Table 3

suIrjtarize~ ~ ,c results of these annea1in~ procedures.

The Sputtered r.itride begins liftinci and flakinc , ss rhowr

in Figure 6, between 600 C and 700’C. Figure 7(a)-Cd) show Nomarsir i

contrast photcnicrcgraphs of the surfaces described in Table ~ follow-

ing a thermal oxidation process at 550°C in dry oxyqen for 30 minutes.

£
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Table 3. Results of Post-Implant Annealin g Fxpçriutents Using
Sputtered SI 3N4 En cap su lan t  ( t  3000A)

Annealing J
~ Toz’~ .(°C) Ambient Time Visual Results

400 Forming Gas 1 Hr. ~:o damage on nitride . Nc apparent5urface damage after nitride
removal.

~00 Forming Gas 1 Hr. spots on nitride surface . No
apparent damage after removal.

600 Forming Gas 1 Hr. Hcles appearinq in nitride .
r- amaged regions following
removal.

70C Forir.inq Gas 1 Hr. ~itride flaking and lifting .
Damaged regions following removal

A _______

k~.

‘I - -

_
i

L _

Figure 6. LiftIng of Sputtered Nitride Following
600°C, N2 Anneal for One Hour (97X)
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Oxides grown on surfaces annealed at the two lower temperatures

exhibit an extremely heterogeneous appearance (Figure 7(a) and (b)1.

At higher annealing temperatures the nitride begins to lift from

the surface and the forming gas ambient apparently reacts with the

exposed GaAs surface . The subsequent oxidation results in the dark

areas shown in Figures 7(c) and (d). The lighter regions of Figure 7(d)

correspond to areas of relative uniform oxide growth. This

latter result seemed to indicate that higher temperature azanealing

is required to provide sufficient lattice reordering for oxide growth .

The results of subsequent experiments on unannealed surfaces , however,

show that this high—temperature anneal is not necessary to obtain

uniform oxide growth .

Because of the deleterious annealing properties of the sputtered

nitride layers, low—temperature plasma nitride films were also- investi-

gated . The annealinc results f~r these samples were essentially the

same as those for those with the sputtered layers , with bubbling and

lifting occurrinc at about EO0°C .

In the annealing experiments described above , the nitride was

deposited directl y on the implanted GaAs surface . In silicon tech-

nology both S102 and SI3PJ4 films are usually deposited on a thin

thermally arown silicon dioxide film to improve adherence and achieve

suitable interface properties. To determine if a similar procedure

would improve the annealing properties of the nitride , samples were

oxidized at 450°C in dry 02 for 1 hour. ThIs procedure results in a

native oxide thickness of approximately 140A (Reference 29). Follow—

m g  oxidation , 1400J1 of silicon nitride was sv4utter~~ cite the wafers ,

25



and phosphorus ions were implanted throu qh both layers to a dose of

1 x 101’6cm’2 . The ion energy (190 )eeV) was chosen such that the

concentration peak of the implant lies at or near the semiconductor-

native oxide interface . After annealing at ~0O°C for lust 30 minutes ,

bubbling and lifting of the nitride w~ s observed , as shown in Figure 8.

IMP LANTED

f
UNIMP LANTED

3

F i g u r e  8. L i f t i n q  c-f N i t r i d e  at  lr~ - l a n t e d —
T ’ n i r i - l an t e d  !‘( ~ndarv Pecicr. ( 2 4 7 X )

The b u b b l i n g  Is  more severe in the imp l a n t e d  r e c i o n s  of the w a f e r s .

This  behavior is in contrast to that observed using silicon dioxide

as an encapsulant , where significantly less damace occurred in iir-

planted regions.

Based on the results obtained thus far in the program , it

appears that nitride is not an adequate encapsulant for annealing

implantation damage under our experimental conditions. Therefore ,

2 
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rather than expending an excessive amount of effort in perfecting

nitride encapsulation procedures, sili con dioxide was explored as an

alternate encai’sula~t.

Room Temperature ImF-lantation and Annealing Variations Using

Si02 ‘Native Oxide Encapsulants--The early experiments using silicon

dioxide  f i l m s  chemical vapor deposited at 400 C onto bare GaAs surfaces

indicated that lifting and decomposition of the underlyinq semicon-

ductor occurred for annealing temperatures above about 650 C. Use of

the thin (-l40~ ) native oxide underneath the deposited Si02 layer ,

m ent ioned  ear l i e r  in connection with silicon nitride films, has

~ignificant1 y improved the annealing characteristics. Therefore ,

use of these layers was investigated further because they seemed to

hold more ~-rorisc than the other capping layers .

Silic on dioxide layers of 1100-1300A were deposited over the

14C .-thick native oxide . Phosphorus ions were implanted through

the enca~-su1ants at energies ranging f rom 140 key to 190 keV.

Annea1 inc~ was then carried out in dry nitrogen for one hour at various

t empera tu res .  F igures  9 ( a ) — C c )  show reflection electron diffraction

(REr ) patterns on variously annealed surfaces following removal of the

encai sulant. These samples had received an implant dose of 1 x 10
16c1n 2

at an enerqy of 190 keV.

Surfaces annealed at 650 C (Fig. 9(a)) and 700 C (Fig. 9(b))

show broad faint rings indicative of nonoriented polycrystalline and

us  ~~~~~~~~~~ r a i l.  ~~~~~ a 7~ 0~ C 2 Innea] for one hour , however ,

• , ~ ] I c .~~~~ - i . ‘n •‘d si n~~3 e— crvstal type of RED pattern
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( a )

650°C

(b)
700°C

4-

750°C

F i ~~~ i r .~ . . ~~~ 1I .’C 1 (-r 1 1 Da~ r~~’ i~~n ~ . i t t e m s
o~ hos: ~‘~~a~~ i - — 1 r’~ I ~~~~~~~ ( l . :~~ 0~~

i . . 2 )  1a\5
t c~ r )¼r r. .~~ 1 ‘. ~~

- ~ ~~ 1 H ( - ~ t U i - i S ~ -

1 r-~~ ~~ ;ul i~~ ’ .
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Samples which had received an implant dose of 3 x l0~~cm
2

did not display crystalline RED patterns up to an annealinc~ temperature

of 750°C , but instead displayed a pattern indicative of a polycrystal-

line layer over a single-crystal substrate. Therefore , it appears

that a higher temperature is required tc anneal surfaces implanted

to the higher dcs~’s.

Attempts to anneal surfaces at 800°C have not been completely

successful. Figure 10 shows the severe damage resulting from a

30 minute anneal at 800°C in N2 using a 1O”)OA-thick capping layer.

.4

Figure 10. Decomposition of Implanted Surface
Following 800°C N2 Anneal (Si02
Encapsulant) (49X)
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The decomposition occurs along crystal lographic direct ions , and the

films tend to lift around particles or defect regions. The maximum

anneal ing temperature achieved to date ( -775°C)  is below some that

have been reported in the literature . Because the film quality (i.e.,

the presence of p in holes and inclusions) so critically affects the

decomposition observed after annealing , it appears that the maximum

annealing temperature car. be raised with further improvements in film

deposi tion processes and cleaning procedures. These improvements are

co nt i nu in ’; .

The sarr~ linq depth of the diffracted electron beam used in

the F-F:D characterization is-l500A in oallium arsenide .  It should

h e noted tha t  h igh-energy RED p a t t e r n s  o n l y  cive a composite view of

the su r f a c e  region . To detect lower defect densities which may

extend decj er into the  substrate (Pefererace 9), ~ more sensitivc

technicup , such as Rutherford (ion) backscatteriraq , or Fossibi’:

electroreflectnnce (Reference 30) should he used. These tyr-es of

measurements will be performed if arrangements can be made to use

t h i s  equipment  at an e x t e r n a l  f a c i l i t y .

One s i g n i f i c a n t  and somewhat unexpected b e n e f i c i a l  result of

the hich dose implant is its ability to greatly inhibit decomposition

c-f the ser-ir c r.ductor  under the encapsulant  dur ing hiah temp erature

a n n e a l i nc . Th i s  e f f e c t  is i l l u s t r a t e d  in the photomicrograph of

F i g u r e  11 which shows the boundary between an un iinp lanted region and

a rccic- n which had been implanted to a dose of 1 x l0~~cm
2. This

sample was annealed at 72’- ’C for 1 hour in N2, followed by removal

cf the SiC- - . The damage (gallium flow) areas on the unirnplanted side

abruptly end at the implant boundary . This behavior contrasts with

30
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th~ t t  w h i c h  c~~curs when usinc ; a nitr ith- encapsaila nt . The reason for

this d i ftt r en ce v ~~ due t differer .c •s ir. the tensil or compressive

str€ss es which r~ tv  1 c c c ur r i r . : ~~ the  ~n s u 1 at c r - c e r i con duc tor

~r .tcrface.

L N I U .1 ‘3~NT! E’

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

-~ — -~

IMFLn ;TF

F i :ur e  11 . T-~~ :roa  y~~ Pt- -we - r. “~ -1 c~ t ’O U~
U i ~ i~’ ~~i a ~ t r ( :  - ‘ ‘ ~~~~~h . 1 -  ~ 1~~~.i r . c  1inneal
at ‘7’- °C j r  ‘:- T c i r ~c~ ~~~~ hra c~~- sul—
ant (247X)

I l ig f r -Temp era t u re  I r-r l an t a t io ~~~r~~in ~~~Ji~~2 F r a c a p su l a n t - - I t  has

been observed that Lv elevatinu the t emp e r a tur e  of the  r .aAs substrate

durinq the implantation, sianificartl y lower lattice damage levels

result due to thermal anriealjne . To e x a m i n e  this effect , implantations

were performed on substrates whose tor4eratures were held at either

300°C or 400°C. Higher temperature i raiplantations could not be achieved

because of subs t r a t e  he a ter  element f a i l u r e  above 4 00° C .
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Table 4.  H o t - S ub s t r a t e  Implant  Variations
t 5~ 02~~l 100A , t~~0? l 4 0 A , I

~
,
~
l4O keV

Irr~ lant Dose Implant Temp .
(cm 2) (‘C) Reflection Diffraction Pattern

i x io~
6 300 2road rings and faint Xikuchi lines

2 x io 16 300 J3road rings and faint Kikuchi lines

2 x l0~~ 400 ~road r ing s  and faint Fikuchi lines

Ta~~1e 4 lists the ‘ho t ’ imp lan t  va r i a t i ons  a t tempted t hus  f a r .

F lcctror. diffraction patterns were made of the surfaces following

r er’ c-va i  o’ the capping layers. The results were similar for all van-

atior.s and ind i cative of a p o l y c r yst a l li n e  layer  of ron-prefe r red

c-rientaticr ever sinqic-erystal material. Diffraction patterns were

als c made as a f u n c t ion  of  depth by chemica l ly removing the s u r f a c e

region. Figure 12(a)- (c) show the patterns for a sam~-] e im } lanted to

a dose of 1 x 1016 crr 2 at 300°C. Although it may not be readily

a~-;~arent from the photographs , the patterns show increasingly strong

Kikuchi lines with depth , indicating that significant damage does not

extend deeply into the substrate . The RED patterns for the hot

implants are similar to those fo~ room temperature implants which

subsequent ly  underwent an n a l in g  at 725-750’C. However , oxides grown

on the ‘hot’ samples are generally inferior to those grown on

samples implanted at room temperature . This wIll be discussed further

ira the next section.
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(b)

Cc)

riaure 2. Pef ection } lectrrr. I iffraction latterns
fa - r 5~arI le  1r~; lanted at 300°C throuch
Si02 Encapsulant (1 x lO l6 cra 2 , 140 key)

(a) °urface
(h )  350k
Cc ) 800$i
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Oxidation of Si02-Fncapaulated and Annealed Surfaces

Althouqh the early studies on CaAsi_~
F
~ 

used an oxidation

temperature of 700 C, a later study (Reference 4) indicated that lower

ter l -s ’ rart~res ray be attractive for minimizing arsenic loss and improving

e~tct rical a- rc perties. Therefore , 600°C oxidations have been initially

~er :orr-eci for this ~rc-qram .

Ar .ncaligg Temperature Fffectc--Followina removal of the Si02/

r. at iv ~’ oxide layers in buffered hydrofluoric acid , samples were

(x ~ di~ ed a~ 600°C in dry oxygen for various times. Figure 13 shows

t~ .e s~~r:ace of a sample (implanted at room temperature to 1 x 1016cn’ 2,

~~ 1 ~t’V) which had been annealed at 6~~0 C  for one hour in N2, and

°x1~.i:Lc a’- ‘00°C for 30 minutes. Nonuniform oxide growth and some

‘~i : : i t : r ~:cw is observed In several recions with uniform oxide crcwth

I:. c- t .”er a r e a s  ~l iqht reui~’ris In Fi-i~ure l3~ . Annealina in nitrogen

a t  e i t h t - r  ‘0~ °C for 30 rinutes ,or 725°C for one hour , resulted in

s~ r~~ac’c s ~ -.ic h ,when oxidized , aenerally exhibited uniform oxide films ,

w i t h  ~ ,.c r es-•tion only along wafer ethics and around defect areas

c - r a l l y  a rc - sent in the ma terial. Realons of wafers which were

cf~ during implantation (i.e., gallium arsenide reqions)

•- x hi t itcd ur.ifcrr ’ oxide c;rowth ir a some areas , ~iut significant decompo-

sitic r. .ar~ :~~
‘
~liur bubbling in other areas , as shown in Figure 24.

Irjjirat : - ’ t - i f f c c t s - - O x i d a t a r r .  of annea led  ( 7 2 5 ° C ) su r f a c e s

it  ( O O C f r  .0  h- -- ~rs l f l  0 2 y i e l d e d  o x i d e  th i cknesses  of about 600k

?o r a ~~
- se of 1 x ]~~

11 rr ’ a~~d 90~~~ for I x l0~~ or’ 2 , as determined

u sa r ;  a :r).~ ak s- Ar ~ al -’~ ~r cfiler . This ce~~-ares to an ox ide  thickness

of 4~~~,_ r 0 0 ~~ gro wn ~v ’a ~~-r  uni r- ;-lart ed (i.e., (a ~h s) areas. The previous

34
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Figure 13. Surface Following Annealiraci at 650°C
and Oxidation at 600°C (SiC’

2E n c a p s u l an t )  ( 9 7 X )

Piqure 14. GaAs Surface After Oxidation at
600 C for 30 Minutes (247X)

t 
—.-—

~ 35

L~~-~



- 
- - --- ----- -------—- —--------- -

- - 
— — - 

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

oxidation studies of crystalline GaAS1_X PX (References 2, 4, 5)

had shown that the growth rate of oxides dt-cr •asos for i~~~r - i s i r~- :

phosphorus content in the semiconductor. However, the behavior in

the i resent case, for implanted surfaces, is opposite to this. The

difference in oxidaton kinetics may be due to incomplete annealing

of implant- induced latt ice damage. Also, as described later, the

single phosphorus implant results in a nonuniform concentration of

oxide constituents as a function of depth. Thus, oxidation rates

would also be expected to be complicated and to vary with depth.

The dose levels investigated thus far (1-3 x 1016cna 2) result

ira low phosphorus mole f r a c t i o ns  ( 0 . 0 3  - x 0 .10 , acco rding to

Equ. (5)) after implantation throuqh the cappina l a y e r .  Althou gh hiaher

phospho rus levels may be des i r ab le  to ob ta in  an increased a a l l i u w

phosphate (Ga P04) content in the oxide layer , initial indications

are that optimum growth results may occur at doses less than  3 x

for the annealed samples. Wafers which had received ~ x l0~~

phosphorus ions/cm 2, followed by annealing at 725 C, yielded very

grainy surfaces upon oxidation at 600°C, and as shown in Firure iS.

Oxides grown on surfaces which had lower implant levels exhibited

significantly less graininess, as did oxides grown on unannealed

surfaces at the higher dose levels. These effects need to be in-

vestigated further .

Hot Implants--Oxides grown on surfaces which had received

elevated-temperature implantations were generally nonuniform and of

poor quality . Figurel6 shows the oxide grown at 600 °C on a sample

36
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Fic;ure 15. Nomarsky Photomicrograph of Oxide
Grown era Annefted Xml lanted Surface
(Dose : 3 x 10 cr’ 2 ) (280X)

Fioure 16. OxIde Crown on Furface Implanted
at 400°C (Si02 Fracapsularat) (247X)
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which  had a dose of 1 x io]6 ions/cm2 implanted throuah a silicon--dioxide

encap sulant at 400°C. Ira this case darker spots of oxide are sur-

rounding particle—like nucleation centers. It is possible that  t h i s

may Le caused by an interaction between the gallium arsenide surface

and the silicon dioxide used as art encapsulant. It should be noted ,

however , that a 750°C anneal following room—temperature ir~ lantation

did not result in this behavior.

The oxides grown on samples implanted at 300°C show damage

similar to that occurring for room temperature implants annealed at

lower temperatures (e.c., Figure 13). Fracapsulated samples which

were annealed at 725°C following the hot ir-riant have exhibited some-

what better quality oxides than thc so without 1-cst-(hot)-imp lant

anneal. These film s , however , are still not the quality of those

grown on either the room-temperature implanted and hi~ h-temperaturc

annealed or the unencapsulated/unannealed samples to be discussed

later.

Imp lant Energy Effects--Some regions of the samples implanted

a t  190 keV showed decomposition after oxidation . With this implant

energy, the prc’-ected range of the implanted ions is approximately

700A into the GaAs (i.e., after passing through the Si02 encapsulant).

It appears that the phosphorus concentration at the GaAs surface

ray be too low with the 190 key implant energy. Therefore, an im-

plant energy of 140 key was also investigated on samples with the

same S102 thickness (-1100A ) . With this energy the projected range

of the peak is at a depth approximately 300k from the GaAs surface.
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Oxides grown on these surfaces show fewer areas of decomposition

than those with the higher energy, indicating that surface phosphorus

concentration is critical. The oxidation results on unannealed

surfaces also showed that location of the implant peak is important

in determining oxide quality. This is described below.

Oxidation of Unannealed Implanted Surfaces

In order to determine if high-temperature annealing using an

encapsulant is required to achieve high-quality and uniform oxide

growth, samples were oxidized after phosphorus had been implanted

directly into the GaAs surfaces. Generally, implant parameter

variations have duplicated those used for encapsulated samples.

One concern about low-energy high-dose imp lantation into a

bare GaAs surface is the possible sputtering which may result. To

examine if this effect was significant for the phosphorus implants ,

Dektak surface profile measurements were made across implanted and

uninaplanted boundary regions. No step could be detected up to the

maxi*ruxn sensitivity (5l00~ ) of the instrument. Therefore, it appears

that sputtering effects are not important for these implant conditions.

Implant Dose Effects--Implant doses ranging from 6 x 1015 c1Ta 2

to 3 x lO~
6cm 2 

~tave be.n investigated initiall:’. T~’e implant energy

used for these experiments was fixed at 60 key. Table S suxnz~arizes

the effects c-f these dose variations. A dose of 6 x 10 15cna 2 is

apparently too low to result in uniform oxide growth , and areas of

~ecomposition are scattered about the surface. Medium-dose implants

(1-2 x 10 16cm ’) generally result in uniform oxides with little or
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Table S. Resul ts of Phosphorus Ion Dose Variations
for Unannealed Surfaces (60 key, Pm.
Temp. Substrate). Oxidation : 600 C, 02 )

App rox .
Dose(cua ’) Oxidat ion Oxide Remarks

Time ( h r . )  Thickness tls)

6 x 10 15 0 .5  400 Decomposition near
1.5 550 S l igh t l y  g r a i n y , sliqht decomp .

2.5 600 Areas of decompos i t ion

1.8 x 1016 0 .5 400 Uniform , no damage

550 Urifcrr

2 . 5  625 t n ~~f or r , r i nira a l damage

3 X 1O~~ 0.5 650 Slightly crainy, scattered
w h i t e  spctc

1.5 800 Uniform , a f e w  sm a l l  ~1-ot s
2.5 900 5~aire as a)rv~-’

no decomposition apparent .  F i l m s  grown in this dose reqirne display

only slight structure (qraininess) sir-liar to that observed Ira

thermal oxides grown on CaAsi..~~P~ at the sane temperature . An Implant

dose of 3 x 10 16 cm 2 yields thicker uniform oxides than the lower doses,

but there are a few very small white ‘particle-like ’ spots inter-

spersed in the oxide matrix. These do not appear to be nucleation

regions for decomposition , and are beiraci investigated further using

higher implant doses (‘3 x l016cir 2 - .

I!~p1ant En.r~y Effects--The effects of implant enerqy were

inv.stigated at a fixed ion dose of I x 1016c1n 2. After implantation ,

samp les were oxi d iz ed in 02 at  600°C for  S hours.  Implants at 100 keV
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and 150 key (R~ ~ 790k and 1200k, respectively) resulted in non-

uniform oxide growth wi th a banding similar to that which i& observed

when GaAs rapidly o*j dj zes. This effect  is illustrated in the photo-

r icrograph of Figure 17 , which also shows the transition at the

boundary between implanted and unizrplanted regions.

I 
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Figure 17. Oxide Growth on Unannealed ~~~fac~
Implanted at 150 )ceV (1 x l0me cm~~~)
(247X)

The low-energy implants at 30 key and 60 key (with R
~? 

250A

and 475$ , respectively) generally resulted in smooth oxides of

uniform thickness. There was decomposition migrating inward from the

wafer edges (Figure 18). This is believed to be due to the exposure

of the unimplanted wafer edge during oxidation .

41
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Figure 18. Oxide Growth on Unannealed S~rfaçeImplanted at 30 key (1 x l0 lt cn~~~)
(247X) . (Boundary between uniform
oxide and decomposed strip around
wafer edge.)

The r e s u l t s  of the implant  energy variations indicate , as do

those for the ~ie2-encapsulated and annealed samp les , that the imp l an t

peak should be close to the semiconductor surface to avoid damage

dur inc  ox ida t ion . It tray not necessar i ly  be t rue  that  the lowest

energy implants result in h i qh e r  q u a l i t y  oxides. Comparison of higher

dose (3 x l016cir 2) implants indicate a larger degree of structure and

graininess in oxides grown on surfaces implanted at 30 keV than on

those surfaces implanted at 60 keV . These effects are being investi-

gated further. —

Hot Implants--Oxide films which were grown on ‘hot—implanted ’

samples were of a quality comparable to those grown on surfaces

implanted at room temperature . No surface decomposition was visible
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up to an implant temperature of 400 C. There was , however , a di!-

ference in oxide thickness noted between room temperature and hot

implant samples which had received the same implant dose and oxidation

temperature and time. For a phosphorus ion dose of 2 x 10 16 cm 2 and

an oxidation time and temperature of 2.5 hours at 600’C in 02 the

the resulting film thicknesses were approximately 700J~ and l000A for j
room temperature and 400°C implants , respectively. The reason for

this difference is not known . If the high temperature implant results

in less lattice damage , as expected , then a lover oxide growth rate

would also be expected . Further experiments are planned to investigate

this anomaly.

Ion Micrgprobe Analysis of Implant

Profiles and Oxide Composition

Ion microprobe mass analysis (IMMA) , fundamentally secondary

ion mass spectrometry (SIMS) analysis of rnicroarea regions , was used

— to examine the elemental depth composition of some of the ion implanted

and oxidized surface layers. Depth profiles were obtained with an ~
- 

-

ARL IMM~A using a primary beam of 
18C- ions with a beam energy of 20 key.

Details of this analytical technique and its limitations are given

in References 4 and 31.

Figures 19(a) and (b) show IMMA profiles for Sie2-encapsulated/

implanted samples before and after annealing , respectively. For

comparison , an ideal LSS implant profile is included in Figure 19(a).

This simplified idea l profile neglects third-m~~snt cffects , which

can sometimes skew the profile about the implant peak (Reference 13).
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The sample of Figure 19(b) had a S second surface etch to

remove a slight residue. Although there is a slight sputter rate

(therefore, ion yield) difference between the two samples in Figure 19(a)

and (b), some comparisons can be made. There is apparently no signif i-

cant diffusion of phosphorus into the substrate following annealing at

725°C. The phosphorus prof i le  ta i l s  of both samples appear to extend

somewhat deeper Into the substrate than expected from LSS theory. It

is believed that this is not necessarily enhanced d i f f u s i o n  during the

implant , but rather a ‘knock- in ’ effect which occurs when light mass

elements are sputtered using a high energy beam (Ref. 31). With

a n a l y t i cal techniquer- which use lower sputtering beats energies , such

as the Auger and ESCA measurements planned later ira this program ,

t h i s  ‘k nock-in ’ should be reduced to some extent .

The rapid increase in arsenic and phosphorus counts near the

surface is another artifact of this technique , and is due to the estab—

lishrnent of equilibriu~r conditions during sputtering with the oxygen beam.

rigure 20 shows the profile of a sample which was implanted to

a dose of 1 x 1016cm 2 at 140 key with a substrate temperature of 300 C.

A strict comparison cannot be made between Figures 19(a) and 20 because

of the differing implant energies used ; however, it appears that there

is no significant phosphorus diffusion into the substrate as a result

of the elevated temperature .

The elemental depth profile of an implanted and annealed sample,

before and after oxidation at 600 C, is shown in Figures 21(a) and (b).

The oxide profile indicates that there is apparently incorporation of

phosphorus into the oxide in the region from the peak of the implant to

the interface of the semiconductor. There is a deficiency of arsenic
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in the outer  region of the oxide layer , which has been observed

before  in oxides  on both (aA s and CaA s1 P .  However , due to the

n a t u r e  of the sing le  implan t  used here , there  is also a d e fi c i t  of

phosphorus at the oxide surface . Becaubo of these facts, it appears

that the surface recion of the oxide may be primarily composed of

Lla lliu.In oxide (Ca203) — ~~~~~~~~ • I ~~~~~~~~ I -. I~~~~ -
~ ~~~~ ~~~~~ 0

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. -
~~s.

The high surface concentration c-f oxygen in the annealed sample

of Figure 21 (a) tray be due either to an interaction of the gallium

arsenide with the silicon dioxide cap at the annealing temperature

of 725°C or to a residue of native oxide which was not removed by

the hF strip pricr to oxidation . I-aased upon previous etching studies

cn the native oxides or. CaAs 1_~
r
~ 

(Refe. 2 and 3) , the latter explana-

tion is more likely.

Elemental profiles of oxides grown on unannealed surfaces

genera lly s~ cw the same features as those on annealed surfaces.

Figures 22 (a) - (c) show profiles of oxides grown on uniisplanted

GaAs and samples of differina phosphorus implant energies. Again,

the surface region appears to be primarily Ga203 due to the lack of

arsenic and phosphorus.

Auger and ESCA technicues will be used later to analyze some

of the more promising films in detail. These methods will provide

more insight into the ex tent of gallium phosphate (GaPO 4) incorpora-

tion into the oxide.
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SECTION IV

SUMMARY AND PLANS

This section sunuiaarizes some of the major results obtained during

the i n i t i a l  phase of this program and discusses areas where further

investiqations are needed. Specific plans for the next interin- report-

ing period are then presented .

Ion Implantation and Annealing

The ion implantation and encapsulation experiments conducted so

far have indicated that silicon dioxide , deposited on a thin native

oxide , provides the most effective encapsulant for high-temperature

annealinc of aallium arsenide surfaces implanted with a high dose of

phosphorus ions. Annealing can be performed at temperatures up to

775’C using Sb 2 without decomposition c-f the semiconductor. However ,

further improvements ir a f i l m quality are needed to achieve some of

the higher annealing tes-peratures which have been reported in the

literature .

The post-implant annealing experiments have demonstrated the

ability of the high-dose phosphorus implant to significantly reduce

decomposition under the encapsulant during hiah-temperature processing .

This benefit may have implications far beyond the iximiediate scope of

this program .

The electron diffraction patterns indicate that the high-dose

phosphorus implants do not result ira massive lattice datnaae, although

a sore sensitive technique , such a s ion backeca ttering , will be
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required to detect the defect levels which have been observ~~ in

earlier implants into GaAs.

Ion microprobe results indicate that there is no significant

diffusion of phosphorus into the substrate during either post-implant

annealing or hot substrate implantation . This indicates that the

depth of the implanted region can be well controlled so that the

advantageous properties of the underlying GaAs substrate can probably

be utilized in the MI S devices to be fabricated in later phases of this

program . 
Oxidation

Oxides grown on the unannealed phosphorus-implanted surfaces

have generally shown somewhat less decomposition and damage than those

which were annealed with an encapsulant. The implant dose and energy

variations attempted to date have narrowed the range of parameters

for which acceptable oxides result. For unencapsulated surfaces it

has been found that ions implanted at doses from 1 to 2 x l0 16c1n 2

and energies from 30 key to 60 keV result in oxides with the fewest

visible defects. Encouragingly, these oxides are visually similar

to those grown on GaAsi_
~
r
~~
, and suggest that further improvements

could lead to s i m i l a r  e lectr ical  properties. MIS capaci tors wi ll

be fabricated on the most promisinq oxides which have been achisved

recently and will be electrically characterized .

Additional experiments need to be performed using the higher

implant doses (~ l x l0~
7cr 2) required to achieve the phosphorus mole

fr actions (x ‘ 0.3) investigat ed in the previous oxidat ion work on

single-crystal CaAs i..~ P
~
. Oxidation should also be performed on

surfa ces with multip le imp lants tailored to result in a layer of

uniform phosphorus concentration. This stay minimize the formation
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of Ga203 at the insulator surface, which apparently results due to

lo~ phosphorus content in the surface region following a single

implant.

An oxidation temperature of 600’C has been used in the initial

experiments. Lower oxidation temperatures should also be investigated

to determine if arsenic loss frost the insulator can be minimized .

Earlier work has indicated that dielectric leakage currents are reduced

when arsenic remains in the oxide. Different oxidation techniques,

such as steam , high-pressure , or plasma , should be explored to find

the most promising oxidation approach .

Plans for Next Reporting Period

During the next reporting period the implantation and oxidation

experiments  w i l l  continue . Post- implant  anneal inc  experiments using

both silicon dioxide and silicon nitride w i l l  continue if improved

film quality can be achieved . The effectiveness of these annealinq

procedures in removing lattice damage will continue to be assessed

by electron diffraction and the electrical properties of subsequently

oxidized surfaces. Other analytical techniques , such as ion back-

sca t ter ing, w i l l  be used i f  available.

Oxidation of unannealed surfaces will continue, and additional

implant parameter variations will be investigated . These variations

include higher implant doses (?l x l0~
7ciia 2) and multiple implants.

Implants at substrate temperatures greater than 400 C will also be

performed if they can be scheduled on the new Rockwell M~D GaAs

imp lant facility, which is curren tly in the final checkout stages.

In addition to these implant parameter investigations , experiments
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are planned to examine alternate oxidation methods. These will

include steam , high-pressure 02 and steam, and plasma oxidation .

These latter two techniques will utilize new equipment expected to

be delivered dur ing ;he next six months as part of an expansion of

our GaAs device fabrication facilities.

P~ore detailed analyses of the oxide composition will be carried

out during the next period . Auger and ESCA techniques will be used

to deterrr~ine the composition of the most promising dielectrics .

These results wil l be correlated wi th ion microprobe results on the

same samp les.

Detailed electrica l characterization will begin on MIS capacitors

fabricated on implanted and oxidized surfaces. Capacitance-voltage

and current-voltage measurerrents will provide the primary means for

evaluating the quality of these films. The results of this character-

ization will then be used to evaluate the most appropriate passivation

insulator for application to the second phase of this program .
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