
C’?
,uI’..I ( RADC-TR-77-136
~~~ Final Technical Report

February 1977 4

INVESTIGATION OF TECHNOLOGICAL PROBLEMS IN GaAs

Rockwel l International Science Center

Approved for public release;
dis

5

ibution unl imited

Sponsored by
Defense Advanced Research Projects Agency (DOD)

ARPA Order No. 2489

ROME AIR DEVELOPMENT CENTER 1~~Pfl
C

C...) AIR FORCE SYSTEMS COMMAND fl ~Jn I.E~ 
.pr ~~

GRIFFISS AIR FORCE BASE, NEW YORK 13411 LJ~ ~~~ 6 1977 
IHI

$ L) 

...:
~~~~~~ ~~~~~~~~~~~~~~



~~~ -~~~~~~~
-
~~-— • 

~
—

~
-—- - - -

~~~~~
--

~ ~-~
_

I

I

This report has been reviewed by the RADC Information Office (01)
and is releasable to the National Technical Information Service (NTIS).
At NTIS it will be releasable to the general public, including foreign
nations.

This technical report has been reviewed and is approved.

SVEN A. ROOSILD
Contract Monitor

I

_ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~ - -~~~~~~~~~~~~



UNCLASSIFIED
S E C U R IT i  C A S S I F : A T I 7 N  OF T ’-j $ PADE ,IP~~~,. Data Fr~r~~r~~ii

~ REPORT DOCUMENTATIO N PAGE BE FORE
0 G OV ~ A C C E SSION P~0. 3 E C I P , E N’ S  CA T A ~~DG r~~~Y b t  ~-

RADC T R-77- 1 Jf -

~ - r• - ~. . .  
- r — -in i~u~~IerI- S~~ 

—

N~EST~~~T I O ; : i G I C A L b0 BLf : I ~~~~~s , ~~~~~~~~~~~~~~~~~~~~
SC5 ~ 

BEP

U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E R  ~iR~~ P~ G A ~ T I0N ~. ~ A N  ~ C C P E S S  P R J C P A~~ _ L~~~~N~~ — P  j~~

A R E .- ~ ~~~~~~~ U W ~~ ~~~~~~~~~~

~o c .~e1 1 t f l terfl~i t i O I d 1 ’ S C i E ~f lCe Center 
~~~ 61 ~~~~

-

T ’ ,~~sand Oa~ ~~~. A 91:;30 - -
~~ - -

~~~~~~~~~~~~~~~ ~ —~C:-

C3 CL ~~~~~J’ D~~r C E  ~~A ME ~~~.. : ADD R ESS L

Defe r~s~~.A~~ ance~ Res~~r~f~ ~ruj e c~ s ~c’~nc .

~~~~~~~~r 2 2  
_ _ _ _ _ _ _ _

~~ t ;ec t run ic  7ec~ r~c - u  1v (RHHETSL ) ~~~~~ p

~scoi~ AFL , ~ 01 731 - ‘ -

~oni flor: 3 .~\ ~oosi 1~ ~~~~~ 
:-E~ -~7 

A.  ~ppro~ - ~ -:~ ~Hic reft~ se; o~sv r ibut ion uri1 te~

Di .  ~~~~~~~~~ L Q I ~ 5 - ~~~~~~~ of •h~ -~~
- -~~~. ~~~~~~~~ -‘ , P ~~~i J - ~~~:

~~~~~ 5 j PP~~~~~~~~~~~~~~~~~~~~ 

_______  -

~~~ c .~ ~-~is ~~~~ ert eG ~~~- . t i e  ~ef~ e A~ v a r c ec ~~~~~ta ’  c r i  P ! O ~ C(~~
r ’  HP~ Ord~ r Nc~ ~4~S

T .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 

—

~~ ‘ -  t
- - 1

- 

~~~~~~~~~~~~ ~~~~~~ an.~ iü 
__

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

_ - _ _ _ _ _

~~~~ r~ ~~~~ t s Lhe r~sui ts C f  a ~ ~-~‘e~- t  ~a t~ jr H tec hrH -~ j  ~ 
- -

2 i~’ ~ td ‘r i~pa ro t io~ -~A s ~-ii th 2:i~ ~~ S ~~fl J F ’Oh’ C L -, rt --

ti) ~~~~~~~ ~e u i c ~~ . —~~e ~-~i i r ~ was ca t ’r ed ~~~ b’~ ~~~~~~~ .- ‘H~_ h
t~, . f  n s ”~’ ~nd u~ ‘~~rHty r i ~ut : .~ . nv i nq the Ic ier - - c

- t ~~~Y d i ~~~~) ’ I ? I  ~~ pri~~-~ co tr~~- tor ~v i tC ~nree un1~ er si
• 

~ t ~‘s subc ;rtr~tc t o r ,  Ihe -~bco nt r ~ c 1 or~ -p ri 1

~ n r~• -
~~~ L r r ~~- l~ C ve~~ ty ,  Std fo rd

- ~~~ - , flL 
~~~~~~~~~~~~~~~~~~~~~ ,~~~~

, / 
- , - .  . 

-

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

- .---—---——-- - -  —

~~~ 
• ~s ~~~~es CL~~~~~ H / - ~~~~~

/ I UP A~~S t ’  ~~‘ ~~~.

- -- -~~~~~~~~~~— -—- ——.-~~-‘-- — — -- ~~~~~~ - i.~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~ ,—~~ •~~~* 
- .. - - 

~~ 
. ,•,-4 -



UNCLASSIFIED
SECUR ITY C L A S S I F I C A T I O N  OF THIS PAGE(I+~i.n D.c. Enl.r.d)

- - -
~~~~~ One of the most signifi cant accompl ishments of this program is the high
uniformity and reproducibility of doping profiles achieved by ion implantation
into semi-insulating substrates. Such results have brought GaAs ion implantation
into maturity as a technique for preparation of device quality layers. These
results are not only expected to lead to increased use of ion implantatio n for
discrete FET device fabrication , but also to pave the way for the development of
a planar GaAs IC technol ogy.

In bulk growth of semi-insulating GaAs the range of Cr concentration which pro-
duces optimum results has been determined (3x10l5 to 5xlO16cm~~). By minimiz ing
Si contamination , such moderate Cr addition is sufficient to achieve electrical
compensation in nearly 100% of the growth runs. Overall yield still shows some
fluctuations due to boat wetting problems , but it has reached peaks of 80%. Trans-
port property measurements have showed that a deep donor, probably oxygen, parti-
cipates in the electrical compensation in conjunction with the Cr acceptor. A Mn
acceptor has been found responsible for the p-type conductivity of low resistivity
layers formed on semi-insulating GaAs by heat treatment in epitaxial reactors.
Distinctions between the effects of heat treatment in epitaxial reactors and in
post-implantation anneal have been identified , showing that different preselection
tests for semi-insulating substrates are required , depending on whether they are
to be used for epitaxial growth or ion implantation.

In LPE growth of semi-insulating buffer layers, a study of the interactions
jbetween the growth system components has shown that the melt bakeout temperature
is the most critical parameter for achieving hig h resistivity in undoped layers.
With Cr addition , a resistivity as high as 106 ohm-cm has been obtained . LPE
growth of submicron (‘~ O.5~m) FET layers with a 

“restricted melt” technique has
shown excellent uniformity and reproducibility , wi th 4% standard variation of
thickness over 2.5cm2 (0.5~zm thick) layers, and 6% standard deviation of averagethickness and carrier concentration over five consecutive runs . L~PE high purity
buffer layers with total ionized impurity concentration of 2xlO 1’~cm

3 and 77K
mobility of l6O ,OO0cm~/Vsec have been grown in a system with mul tilayer capability

In high-dose Se and Te implantation , anneal i ng conditions for optimum acti-
vation were determined , leading to peak doping as high as 4x1018cm ”. Backscatter-
ing studies of the annealing behavior of amorphous layers caused by ion
implantation revealed a reordering process different from the simple epitaxial
growth of Si and Ge.

Schottky barrier gate FETs were used as test vehicles to measure the quality of
the implanted layers. FETs fabricated on Se doped l ayers made by direct imp lant-
ation into semi— insulating substrates showed excellent RF performance: 14 dB
maximum available gain and 2.6 dB minimum noise figure wi th 8 dB associated gain
were measured at 10 GHz for transistors having gate lengths of him and ¼mm gate
widths. This performance nearly matches the best results reported for laboratory
devices of similar geometry made by VPE. Therefore , ful l advantage may be taken
of the exceptional levels of reproducibility and uniformity attainable by ion
implantation without compromising on device performance . In addition , implanted
transistors are relatively free of drift problems frequently observed in
epitaxial transistors .
—,Experimenta l measurements of the low frequency noise of IMPATT diodes have been

used to extract parameters useful for device design , such as intrinsic response
tame and multi pl i cation factors under operating conditions. Measurements of ioni-
zat-ion rates as functions of the electric field showed a strong dependence on
doping concentration which has been qualitatively i nterpreted in terms of delays
in promotion of the accelerated electrons into the higher conduction bands.
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The research covered in thi s report was carried out in a team

effort having the Rockwell Science Center as the prime contractor with

three universities and a crystal growth company as subcontractors. The

effort was sponsored by the Materials Science Office of the Defense

Advanced Research Projects Agency through R.A. Reynolds and C.M. Stickley .
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California Institute K. Gamo, 1. Inada , E.F. Kennedy,
of Technology R. Pretorius , M. Wittner
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1.0 INTRODUCTION

Rapidly increasing needs for high speed cooi~iunication systems

and saturation of low frequency comunication bands are responsible for an

increasing demand for microwave devices capable of operation at X-band

and above . The severe limitations of most silicon devices at the higher

microwave frequencies make it imperati ve to look for other ma terials. The

higher low field mobility and saturation velocity of GaAs compared to Si ,

plus the reduction of parasitic capacitance permitted by semi-insulating

GaAs substra tes , make GaAs an excellent material for high speed operation.

However , GaAs technology is not as mature as silicon technology . At the

inception of this program, there were serious difficul ties in several

areas of GaAs device technology despite the succes s of demonstration

devices . Reproducibility problems were comon in all key material areas

such as substrate properties , submicro n epitaxial layer growth and ion

implantation doping. Problems were also apparent in such critical device

areas as ohmic contacts and surface passivation . —

In an attempt to attack some of the basic technol ogic

problems , a broad research program was initiated. This program was very

successful in combining the benefits of industry and university research.

These two types of research which are u~ua1ly conducted separately

were joined in a team effort by having the Science Center as the prime

contractor and three universities and a crystal growt h laboratory as

subcontractors . The Science Cente r offered a good balance between material

growth, basic material research and device development , plus a direct
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link with system demands and applic ations through Collins Radio and

other electronic divisions of the Rockwel l Corporation. The universities

brought unique talents, Cal tech in the field of ion implantation and ion

beam analysis , Cornel l in epitaxial growth and device physics , and

Stanford in epitaxial growth . The inclusion of Crystal Specialties , a

commercial manufacturer of bul k crystals , made substrate growth an integral

part of the program .

The metal Schottky barrier field-effect transistor (MESFET) ,

was chosen as a focal point test vehicle for the program. This is one

of the most promising microwave devices , and it is also one that poses

challenging material requirements due to its stringent specifications

for ultra thin acti ve l ayers and its sensitivity to substrate and surface

problems . Although most of the efforts in this program were devoted to

fundamental material problems , MESFET devices were fabricated at the

Science Center using processing techniques developed under an IR&D FET

program , and evaluated as one final test of progress made in the areas

of material technology.

The major material areas covered by the program were growth

and characteri zation of semi—insulating substrates, liquid phase epitaxial

growth of ultra thin FET active layers and buffer layers, and formation

of FET active layers and highly doped layers by ion implantation. All

these research areas we re intima tely related to the MESFET device

development. In addition , a small effort on the study of avalanche

phenomena, of interest for IMPATT diode applications was also maintained . —

Major progress was made in all the research activ ities. This is summarized

in the following section containing the highlights of the program.

2
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A key result of this program is the high uniform i ty and

reproducibility of doping profiles (10% in peak doping and depth ) of

FET layers made by Se implantation. Such resul ts were accomplished

empl oying a sputtered Si 3N4 capping and annealing process and by

developing a substrate preselection test. Note that the imp lanta tion

is made directly into the semi-insu lating substrate without any buffer

layer . Avoidin g a buffe r layer sim plif ies fabr i cat i on , reduces cost ,

and assures better surface flatness. The above results are coupled with - -

the achievement of good activation and high doping leve l with high dose

Se and Te implants . (— 4x1018cm 3 maximum elec tron concen trat ion and

65% activation for a close of lxlO 14 Se ions/cm2 at 400 keV ) . These

achievements have brought GaAs ion implantation into maturity for device

use , as demonstrated by the excellent performance of FET devices fabri-

cated on ion implanted active l ayers. Test vehicle l~m Schottky gate

FETs fabricated from the ion implanted l ayers were found to have highly

reproducible dc and RF properties and excellent low noise microwave

performance (at 4, 10 and 15 GHz , minimum no i se f igures of 1.4 , 2.6 and

3.4 dB , respectively with associated gains of 14, 8 and 7 .5 dB res pectivel y ) .

Th i s per formance nearl y ma tches the bes t resul ts repor ted for la bora tory dev i ces

of si i~i iar geome try made by VPE . There fore , full advantage may be taken of the

exceptional levels of reproducibility and uniform i ty attainable by ion

implantation without compromising on device performance. In addition ,

implanted transistors are relatively free of drift problems frequently

observe d in epi taxial trans i stors .
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In v i ew of the success of thi s p rog ram i n the develo pment

and application of a GaAs ion implantation technology , i ncrease d use

of i on implan tation for di sc rete FET dev i ces i s ex pected . Bes ides thi s

imme di a te appl ica t ion , the importance of a rel i ab le GaAs ion imp lanta tion

technolo gy must be we ighed against the lack of a viable GaAs dif fus ion

technolo gy . Under th i s c i rcums tance , ion implantation is the only

technique capable of localized doping, a key step in the development of

plana r GaAs processing . The progress in ion implantation should ,

there fore , clear the way for development of a planar GaAs IC technology.

1
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2.0 HIGHLIGHTS

Hi ghlights of the results achieved in the various research

areas will be presented in this section . The organization is similar

to that of the main body of the report .

2.1 Semi—Insulating Substrate Material Growth
I

- 

Crystal Specialties has played a dual role. (1) Supplying

su bstra te mater ials for all the activi ties in this program , ari d (2)

investigating growth of bulk semi-insulating GaAs. Semi-insul ating GaAs

crystals are grown by the horizontal Bridgmann technique . Typ ical ingots

weigh 1000 g rams and y iel d ~ 2 square inch (100) wafers. An optimum H

range of Cr concentra tion has been determi ned (3xl0 15 to 5xl&6cm 3).

By using 0 to minimize silicon contamination , e lec t r i ca l  com pensat ion of

the semi—insulating crystals is achieved in nearly l00~ of the growth

runs with such moderate Cr addition. Presently, the most im por tan t

remaining yi el d limiting factor is boat wetting. Adherence of the crystal

to the boat produces strain leading to polycrystall ine growth . Although

several causes of boat wetti ng have been identified , wett i ng i s st ill

res pons i ble for y iel d fluc tuat ions . A quite satisfactory monthly yi el d

of 8O~- - has been reached , but it has not been mainta i ned for a long period

of time . The average yield is 50%.

2.2 Semi-Insula ting Material Evaluation

This activity , carried out at the Science Cente r , covers two

areas. In the first area , the study of bulk electrical properties , trans-

5
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port measurements on bulk grown semi—insulating (SI) GaAs single crystals

with three different Cr concentrations showed that the “conventional ”

model for the elec trical sompensat ion , in which deep Cr acceptors compen-

sated residual shallow donors was incorrec t. A more elaborate model

which inc ’uded both a deep acceptor and a deep oxygen donor was proposed

to consistently interpre t the experimental data .

Also in the area of the study of bulk properties , a techni que

ca pable of yiel di ng absolute  concen tr a t ions  of donors an d acce ptc rs  has

been developed . This technique comb i nes standa rd current injection

measuremen ts with a technique for profiling the electrical potential

at a semiconductor junction based on the measurement of shifts of Auger

electro n peaks in a scanning electron microscope. Preliminary results

i nd i ca te tha t the donor an d acce ptor concentrat i ons i n S i GaAs are two

orders of magni tu de l ower than  the dens i t i e s  of impu r i t ies measure d by

mass spectroscopy , suggesting low electrical activity of the impurities.

In a secon d area , the study of surface stability , a Mn

acceptor has been found in the p-type low resistivity l ayers formed on

SI GaAs after heat treatment in epitaxial growth reactors . It has also

been found that heat treatment in epitaxia l reactors and heat treatment

of samples capped as they would be for post-implantation annealing, lea d

to different effects , the low resist ivity l ayers formed being p-type in

the epitaxial case and n-type in the imp lanta tion case. It was also

observed tha t substrates wh i ch qual i fie d for epitax ial grow th would not

necessar i ly qual i fy for ion imp lantat ion.

6
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2.3 Epitaxial Material Growth and Characterization

L iquid phase epitaxial (LPE) growth was carried out at Stanford

Un iversity , the Science Center and Cornel l University . The goal of

Stanford ’s work was to grow semi -insulating buffer l ayers . Emphasis of

this work was on understanding the interactions between the growth system

components , the mel t bakeout temperature and the i ncorporation of impuri-

ties in the l ayer. It was found that a precise bakeout procedure for the

Ga mel t before the growth was t~’e most c r i t i ca l  facto r an d tha t chem i cal

reac tions between the growth system components determined the compensa ti on

and concen tra tion of the var ious impur i t ies i n the mel t. Opti mum g rowth

conditions were determined for three growth systems . Cr-doping yielded

semi-insulating l ayers after the critical ba keout temperatures had been ident-

if i ed. A res i st i vity as hig h as lx l0 6ohm-cm was obtained with the system

employing a BN growth cel l in a graphite cradle. Transient capacitance

measurements on FET layers showed absence of traps near the active layer-

buffer layer interface i n contrast w i th the observat i on of tra ps near the

active layer-substrate interface when no buffer was used.

The Science Center work add resse d the prob lem of g row i ng ultra

thin epitaxial l ayers. Layers grown using a “restricte d melt” technique

developed under this contract showed excellent uniformity and reproduci-

bility . The typical standard deviation of thickness over 2.5cm 2 la yers

was 4% (for 5000A l ayers). From wafer to wafer, f i ve layers g rown

sequentiall y had 6% s tandard deviat ion of both their avera ge th i ckness and

thei r average carrier concentration.

7
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The goa l of the LPE effort at Cornel l was to devel op

buffered FET structures. The approach relied on high purity undoped

buffer layers , with emphasis on developing a mul tilayer growth capability .

High puri ty buffer layers were grown using a graphite boat, by baking

the boat and melt for an appropriate time after each exposure to the

atmosphere. Total ionized impurity concentrations of 2x10’4cm 3 with

77K mobility of 160,000 cm2/V-sec were reached. Uniform submicron FET

l ayers were also grown . Careful removal of native oxides prior to

growth was found to be cri tical for reproducible growth rates.

2.4 Ion Implantati on and Ion Beam Analysis

Several areas were covered by this research effort , in close

cooperation between the Science Center and Cal tech. Implantation and

annealing were done at the Science Center while ion beam analysis and

layer evaluation were carried out mai nly by the Caltech group.

A test employi ng Kr bombardment to preselect semi-insulating

substrates for ion implantation doping has been developed . Reproduci-

bility of carrier concentrati on profiles in preselected substrates from

fi ve different boules impl anted with low doses (2-3xl0 12 ions / cm2) of

Se ions was + 10% in peak doping level and depth . This is an important

resul t which facilitates the use of ion implantati on di rectly into semi-

insulating substrates to obtain reproducible n—type layers. All of the

tested substra te boules grown from the elements (5 boules) passed the

presel ection tests , while only 13% of the boules regrown or grown using

prereacted material were found qualified for implantation.

8 
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In high-dose Se and Te implantation , annealing conditions

for o pti mum ac ti va ti on of the imp lante d ions were determined. Pea k

dop ing dens it ies as hig h as 4x l018cm 3 with — 65~ activat ion for a dose

of 1014 ions/cm2 at 400 keV were obta ined by Se implantation. This

resul t is important for the formation of low resistance contacts to

devices using ion implantation. Based on resul ts of photoluminescence

measurements , correlations between doping efficiency and formation of

Ga vacancy-selenium complexes were established .

Hi gh energy (400 keV) sulfu r implants have shown greater

doping efficiency than is obtained at low ene rgy (100 keV). This is

attribu ted to a lower probabili ty of outd i ffusion of the S duri ng

annealin g when it is in i t ially deeper in the GaAs , as is the case for a

high energy imp lant .

Backsca ttering has been used to study the annel i ng behavior

of amorphous l ayers caused by ion implantation revealing a reordering

process different from the simple epitaxial regrowth found in Si and Ge.

Backscattering techni ques have also been employed in an investigation

of the Au-Ge-Ni and Au-Ge-Pt systems comonly used for ohmi c contacts

on GaAs , show i ng that annealing causes Ge to comb ine with Ni or Pt even

when there i s Au between them .

2.5 MESFET Performance

At the Sc ience Center , submicron Schottky barrier gate FETs

(MESFETs) were fabricated for the evaluation of the ma terial technologies.

Excellent RF performance has beer obtained on devices fabricated on Se
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layers implanted into semi-insulating substrate s at 4 , 10 and 15 GHz ,

minimum noi se figures of 1.4, 2.6 and 3.4 dB respectively, with associated

gains of 14, 8 and 7.5 dB respecti vely, were measured for nominal 1pm

gate length and 230pm gate width transistors . This performance is

superior to that of LPE transistors fabricated under thi s contract; it

is as good as that of the best 1pm gate commercially available devices ,

and it nearly matches the best performance reported for laboratory

devices of similar geometry. In addition , the implanted transistors

were relati vely free from drift problems exhibited by epitaxial trans-

istors. Implantantation into high purity buffer l ayers did not lead to

improvements. On the contrary , buffered devices were i nferior to devices

made on layers directl y implanted into qual i fied substrates.

2.6 Avalanche Parameters

At Cornel l University , experimental measurements of the low

frequency noise of IMPATT diodes have been successfully used to extract

parameters such as intrinsic response time and mu l tiplication factors

under operating conditions of the diode , which can be expl oited to

improve device design. Measurements of ionization rates are strongly

dependent on the doping concentration. An explana tion based on the delay

in promoting e1 ectrons to higher conduction bands before they have

enough energy to produce secondary pair generation has been proposed.

10

~ 

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



— --
~~

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

— SC5017.17FR

3.0 SEMI-INSULATING SUBSTRATE MATERIAL

The performance of the FET devices is very dependent on the

semi-insulating (SI) substra te due to the large surface to vol ume ratio

of the device active layer. The substrate plays an even more cri tical

role when the device active layer is made by ion implantation into the

semi-insulating substrate without any buffe r layer . In view of these

circumstances , a significant amount of contractual effort has been investe d

in problems associated with the semi-insulating substrate . Thi s activity

has been carried out mainly at Crystal Special ties and the Science Center.

The material was grown at Crystal Specialties. Most of the evaluation

was done at the Science Center. This evaluation consisted not only of

specific characteri zation procedures but also of feedback from the

epitaxial growth and ion implantation activities , and ul timately, from the

performance of FET devices.

This section is divided into two subsections . Section 3.1

covers bul k growth of SI GaAs, while Sec. 3.2 covers material evaluation ,

includi ng the study of fundamental properties of the material and the

development of new characterization techniques.

3.1 Bulk Growth of Semi-Insulating GaAs; Crystal Specialties

The objective of this research activity is to investigate the

growth of semi-insulati ng substrate material , to improve the quality and

yield of bul k grown GaAs single crystal s , and to study the problems

related to the electrical compensation of the material .

11
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Semi—insulating (SI) GaAs is grown at Crystal Specialties

by the horizontal Bridgmann technique . This techni que shows advantages

such as low cost of production , uniform crystal shapes and generally

superior quality of the material produced. Figure 1 shows a schematic

of the three—zone horizontal Bridgmann system used at Crystal Specialties.

The ampoule containing the Ga and As is placed in the growe r, and the

growth zone is heated to 1240°C. After the melt and growth zones are

stabilized the arsenic zone is slowly heated to 640°C. At this tempera-

ture the As sublime s and react with the molten Ga to form GaAs . The

furnace is then removed toward the back end of the crystal at a ra te of

about 0.5 inch/hour. The furnace movement causes the temperature gradient

to move , thus causing the molten GaAs to solidify onto the crystal

seed . Table 1 is a fl ow chart of the overall production process used

at Crystal Specialties. The preparation of materials and l oading are

done in a clean room. For the vacuum heat treatment and bakeout a

turbo-molecular pump is employed. A liquid nitrogen trap is used to

prevent any oil contamination.

Figure 2 shows a top and a bottom view of a Bridgmann grown

single crystal which weighs approximately 1000 grams . A crystal of this

size produces approximately 200 two square i nch wafers of substra te

material . Larger crystal s could be grown if necessary. Semi-insulating

single crystals of this size are routi nely grown at Crystal Specialties.

However, the yield is still i rregular. Maintaining high yield requires to

have two problems under control . One is to obtain good single crystals.

The other is to achieve high resistivity.

12
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Fig. 2 Top and bottom view of a Bridgm ann grown semi -insul ating
GaAs crystal.
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The high resistivity of SI GaAs is obtained by compensation.

Cr, a deep acceptor, is added to the melt to compensate residual

shallow donors . However , the distribution coefficient of Cr is

low (6.4xl0 4 ), 2 limiting to “~ 
5x1&6cm 3 the Cr concentration that can

be used wi thout incurring in precipitates (see Sec. 3.2.3) .  Therefore ,

in order to insure compensation it is manda tory to keep the concentration

of residual donors sufficiently low. The major source of shallow donors

is Si contam i nation from the quartz boat and growth ampoule. At the

high growth temperature (1250°C), quartz breaks down in the fol l owing

manner:

2SiO2~~ ‘ 

2S i O + 
~2

SiO is volatile and some of the Si fi nds itself in the GaA s mel t, thus

producing Si contamination . The 02 combines with Ga to form Ga203 wh i ch

is al so volatile , and transports to the cool part of the growth ampoule

along wi th some of the SiO .

The technique used at Crystal Specialties to suppress Si

contamination is to raise the temperature of the cool portion of the

growth ampoule above 1000°C . Above 1000°C the Ga 203 d issoc iates ma ki ng

02 available to reverse the reaction shown in Eq. 1 . Oxygen can be

purposely added in the form of Ga203, As 203, or as a gas (02). However,

there is usually sufficient Ga203 or As 203 in the Ga and As source

materials to reverse the reaction without supplementa l °2 additions .

Since the As end of the ampoule must be kept below 600°C until all the

As has reacted wi th the Ga melt , some S i i s i ncor pora ted i nto the mel t

durin g this initial period . The fina l content is usually about 1015cm 3,

16
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which is quite tolerable. A Cr concentration hig her than 3xl O15 cm 3

is su ffi cien t to insure compensat i on . To be on the sa fe s id e , a Cr

concen trat i on of ‘~~ l0 16cm 3 is normally used , but occasionally SI

boules have been g rown w i th Cr concen trations as low as 8x l0 14 cm 3.

The yield of compensated crystals (taken as the fraction of

successfull y grown single crystals which have p > 1O 7 ohm/cm) has been

increase d from ~ 40% at the beg inn ing of this contract to virtually

100%. Th i s improvement i s thought to be the result of lowe r Si contam i-

nation achieved by improved pumping and outgassing of the ampoule.

Wh i le lack of electr ical compensation has been el imina ted

as a cause of g rowth fa i lure , the overall yield is still limite d by the

yield of single crystal materi al . Improvement of the crystalline quality

of the material has been achieved by alte ring the ampoule backfi lling

procedure . Early in the program a gas such as N or He was metered

into the evacuated ampoule. The amount of gas used was sufficient to

produce one atmosphere at the growth temperature of GaAs. This gas was

used to suppress vibration or turbulence of the mol ten GaAs caused by

As escaping in the form of bubbles from the cooler portion of the melt.

It was found however , that the gases used to supp ress the turbulence

also caused polycrystalline growth in the form of twinning. It is

possible that the inert gas caused twinn ing because it was sol uble in

the mol ten GaA s , and H was therefore incorporated into the solidifying

crystal, thus causing stress in the crystal lattice. A considerable

improvement of overall yield (from 40% to 80%) occurred when over-

pressure of As was used instead of the backfill gas. However, it has

not been possi ble to maintain the yield at such a high l evel .

1 -
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The most severe problem affecting single crystal yield is

boat wetting . This is a common problem of the horizonta l method. Boat

wettin g is a condition where the growing crystal adheres to the quartz 
-

~

boat. As the boat and crystal begin to cool , the difference in contraction

rates between the quartz and the GaAs causes a stress in the growing

crystal . If the stress force i s sufficien t, the crystal la ttice slips

resulting in high dislocations , linea ge, or a polycrystalline i ngot.

In an attempt to identi fy the causes of boat wetting, a

number of experiments have been conducted. Table 2 summarizes all the

experiments that would increase boat wetting while others were attempts

to inhibi t wetting of the boat.

Moisture has been identified as a major cause of boat wetting .

Intenti onal addition of H20 to the GaAs mel t causes gross and consistent

boat wetting (Table 2). When Amersil quartz, which has high content of

H20 and OH is used for boat material , gross boat wetting also occurs .

The high content of H20 and OH in Amersil quartz is due to the use of

a hydro-oxygen flame as heat source in the manufacturing process. Genera l

Electric 204 or 214 quartz has much l ower H2O and OH conten t because a

carbon—arc is used instead of a hydro-oxygen flame in the manufacturing

of the quartz tubes. The low OH content of the GE quartz makes it among

the best thus far evaluated .

It has been suggested that heat treating the boa ts i n high

vacuum might reduce H20 adsorbed on the surface of the quartz . No decrease

in boat wetting was noted when boats were baked in a vacuum or in an inert

gas atmosphere at 1 000°C for 16 hours . Heat treating boats in air ,

however , increased boat wetting considerably. This increase in wetting

18
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is thought to be due to inc reased adsorption of H20 from the a tmosphere

on the surface of the quartz .

S i nce hea t treat i ng the quartz boa t i n a i r cause d an i ncrease

in boat wetting, the possibility that H2O coul d a l s o  be a dsor bed a t the

surface of the boat duri ng fabri cation was explored. An experiment was

performed where the quartz tubing was filled with dry nitrogen during

glass bl owing, thus el imina ti ng any chance of I
~
I2O adsorbt ion from the

air. However, when crystals were g rown i n these boats , no re duc tion of

boat wetting occurrence was observed. A possible reason why there was no

difference between the beha -’ior of boats fabricated with and without

be i ng f i lle d wi th dry ni trogen was that the H2O adsorbed dur i n g the normal

fa br i ca t in g process was r~moved by the fi nal san d b l a s t i n g p roce dure .

It has been specula ted tha t H20 coul d di f fuse  throu gh t he

quar tz tube duri ng the g rowth process . The fac t that boa t we tt i ng occurs

nx re often dur in g the hi g h hum idi ty per i od s of the summer months lends

credence to this idea. To test it , a furn3ce was placed in a room which

could he dehumidified. The humidity was l owered from a relative humidity

of 46H to a relative humidity of 11% . At the same time the temperature

was reduced from 80°F to 45°F. The resul t was no change in the boat

wetti ng condition . This test rules out diffusion of H20 throu gh the hot

quar tz ampou l e as a lea di ng cause of boa t wettin g.

It is stan dar d pract i ce for all quartz manufacture rs to etch

the i r quartz w ith a 10% solution of HF in H2O . Since a lO~ HF etch of

the boat afte r san db las ti ng caused cons i stent gross wettin g, it was

suspec ted that etchin g of the quartz tubi ng by the manufacturer woul d

also cause wetting . Quartz tubing which had not been HF etched was

20 
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therefore purc hased from GE. However, crystals grown in boats fabricate d

from this tubing showed about the same degree and occurrence of boa t

wetting as crystals grown in the boats from the standard quartz .

l’robably, sand b last i ng of the boa ts remove d the surface layer wh i ch had

been exposed to the HF etch by the manufacturers.

‘- Ai rborne contaminants or oxides formed on the Ga or GaAs

loa ds have been considered as potential causes of boat wetting . To try

to remove these contaminants , pre-reacted GaAs was etched in dry HC1 gas

afte r loa d ing. The etch i ng was done at 300, 600 , and 800°C . The etch

was performed by evacuation of the ampoule , heatin g it wi th the load to

the desired temperature , and then backfi l l ing the ampoule w i th dry HC1 .

After etching the ampoule was evacuated again and sealed off for growth .

In each case there was not noticeable improvement as to boat wetting. It

even appeare d that the wetting was slightly mo re severe .

Impurities in the quartz coul d also cause boat wetting. One

of the prime impurity suspects is alumi num since the quartz tubing

conta ins about 50 ppm of A1 2O3. In order to explore the effec ts of Al ,

melts were purposel y doped w it h 0.5 ppm of Al . The effec t was gross

we tti ng . Therefore , variations in the A1 2O3 con tent i n the quartz are

possibly a cause of variation s in boat wetting conditions.

Since the amount of Al required to produce gross boat wetting

(0.5 ppm) is close to the mass spectrographic detection limi t in Ga , and

s i nce most Ga i s a byproduct of Al refin i ng, traces of Al in the Ga

mus t be consi dere d as another possible cause of boa t wettin g. Source

materials from di fferent manufacturers were compared. Ga from Alusuisse ,

Alcoa , Can yonlan ds , Cominco , an d Eagle Picher , as well as As from

21
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Hoboken , AS&R , Canyonlan ds , an d Cominco have all been used. No con-

clus ive results as to boat wetting were reached from these experiments.

However , lack of any clear distinction in wetting of crystals which used

material from di fferent suppliers does not rule out the possibility

that they all have a common problem. Therefore , Al in Ga as a cause

of boat wetting still remains a distinct possibility which has to be

further i nvesti gate d.

Finally, the possibility that hydro-carbons produced by

internal combustion engine s could also be a cause of boat wetting was

considere d. 1-Hexadeconol (CH 3(CH 2)15OH) a hydro-ca rbon used as a base

i n han d creams an d cosme ti cs , and found as a component of auto smog ,

was use d to contam i nate a boat . The con tam i na ti on was cause d by hol di ng

the boa t over an open jar of heated 1-Hexadeconal . Crystals grown from

boats contaminated by 1-Hexadecanol showed gross boat wetting .

In summary, the lar ge series of experiments described had

indicate d that OH and H2O adsorbed on the surface of quartz are major

causes of boat wetting . Another potential cause , Al impurities in the

— 
Ga , has been ident i fied , but further investigation will be required to

determine whether it is a critical factor. The effect of hydro-carbons

will also require further investi gation. It must be ncted that all

these causes of boa t wetti ng have been identified by increasing their effect.
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However , a method of reducing boa t wetting in a reproducible manner has not

been found. This imp l ies that either a major cause of boat wetting still

rema ins to be identifi ed , or that several factors amo ng those anal yze d

above are interrelated .

The situa tion can be summarized as follows : The problem

• of elec trical compensation has been sol ved by keeping the Si contamination

low , thus allowing one to achieve compensation with the addition of onl y a

moderate amount of Cr. When boat wetti ng does not occur , the overall yield

is as high as 80%, and the crystals grown during these periods have low

dislocation densities. Etch pit counts well below l04cm 2 are found . Ye t

there is an uncontrolled problem of boat wetting which still hampers what

would otherwise be a steady and reliable supply of sem i-insulating substra te

ma terial . This problem requires further investi gation .

3.2 Eval ua tion of Semi—Insulating Substrate Material

The evaluat ion of semi-insulating (SI) ~iaAs is much more diffi cul t

than the evaluation of low-resistivit y semiconductors. Besides instrumental

probl ems related to the high impedance of the samples , there are fun damen tal

limi tat ions. For example , due to the fact that SI GaAs i s a com pensate d

sem iconductor , Hal l and Van der Pauw measurements yi eld only concentra t ion

ratios instead of absolute concentrations of donors and acceptors , wh i le

capaci tance measurements are limited by the large relaxation time of the

material . Such fundamental restrictions , wh ich severly restric t the use of

the most common semiconduc tor characterization procedures , pose a formidable

23
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challenge to any effort to evaluate Si GaAs. Despite the difficulties

i nvolve d, sig n i f i can t pro gress has been ma de i n un ders tan di ng some of the

fundamental properties of the ma ter i al and in develo pi ng new charac ter-

ization techniques. In the next section a study of transport properties

w i ll be presen ted. Th i s study w ill show that not onl y Cr but also a

deep donor , probably oxygen , interacts in the electrical compensation. In

Sec . 3.2.2, a new method developed for the study of junctions of SI GaAs

will be presented . This method , based on an application of Auger electron

spectrosco py to the measurement of electr i cal potent i al prof i les , can

yiel d much needed absolute values of donor and acce ptor concen tra tions i n

the ma terial . In Sec . 3.2.3, a SIMS study of inclusions in SI GaAs ,

which  w i l l  de termine an u pper l i m i t for the acce pta b le  Cr concentra ti on ,

will be presented . In Sec. 3.2.4, the effects  of the hea t trea tmen ts

of the su b strates w hi ch occur i n epi tax ial grow th and ion imp lanta t ion

processing will be analyzed -.

3.2~ I Bulk Electrical Properties of Semi-Insulating GaAs-Science Center

In the earl y stages of development of semi-insulating (SI) GaAs ,

before Cr do pi ng was used Blanc and Weis berg proposed that oxygen ,

commonly used as an inhi b ito r of di ssoc i ation of the Si02 ampoule

was the principal compensating impurity . The validity of this model was
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subsequently demonstra ted by the doping experiments of Haisty et al.
5

After Croriin and Haisty 1 ma de the preparation of SI GaAs more reproducible

by intentionally adding Cr , a deep acceptor, there has been a considerable

drop of interest in the electrical compensation mechanism. In fact , no

in- depth study of Cr-doped GaAs comparable to the work previously done on

non-Cr-doped material has been reported . It has become tacitly accepted

that the high resistivity of the material can be explained by compensation

of residual shallow donors by the deep Cr acceptors . 6
,7 This ap pears

to be an over—sim plification which i gnores the use of oxygen in the growth

of SI GaAs (see Sec. 3.1) and the proven rol e of 0 as a compensating

impurity . Publish ed results of transport measurements 
6-9 are not

sufficient to clarify the prob lem .

To shed light on the compensation mechanism in Cr-doped SI GaAs,

a series of transport measurements (Hall and resistivity versus temperature)

was made to compare electrical behavior of samples with varying Cr concen-

tration . The goal was to determine whether behavior differences could be

explained by a simpl e model in which a deep Cr acceptor was solely responsible

for electrical compensation. As the experimental data are analyzed , i t

will become clear that such a model is incorrect. An extension of Blanc and

Weisberg ’s model for non-Cr-doped SI GaAs , i nvolving both a deep 0

donor and a deep Cr acceptor will be proposed to properly interpret the

ex per imental data .

A ge~iera l expression for the resis tivity p of a semiconductor

with two impuri ty level s, a donor and an accepto r, can be derived by

25 
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a simple calculati on. 10 This leads to:

= (qw~N~/G)ex p~ _ (E c - E0 ) 1k T I + q~~N~G exp [ - (E0 - E
~
)/kTI (2)

where

E0 (Ed + Ea )/ 2 (3)

a id G exp J (E0 - Ef)/kT J =

= - (1 - Na/Nd)exp [(Ed - Ea)/2kT J +

+ (1 - Na/Nd)
2exp I (Ed - Ea)/kT l + 4(Na/Nd)gdga1~

2
~ 

(4)

Standard notation 11 has been used in Eqs . (2) - (4).

Eqs. (2) - (4) express the electrical resistivity as a function

of temperature , and the density , ene rgy level and degeneracy of donors

and acceptors. These equations are valid regardless of whether the

impurities are shallow or deep, and whether the donor and acceptor level

are close to each orther or not. Although the above equations were

derived for two impuri ty levels , they will be applied when more than

two levels are i nvolved. There is littl e loss of generality in assuming

that only one donor and one acceptor have domi nant contributions to the

ionized impurity densities.

26

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

-



SC5017.17FR

Two alternative models for the impuri ty level scheme of

Cr-doped semi-insulati ng GaAs will be compa red. First , the conventiona l

model in which the only deep level is an acceptor, and second , a more

elaborate model is proposed in which there is both a deep donor level

and a deep acceptor level .

A. Deep Accepto r Model

In this model residua l shallow impurities , which are mostly

Si donors , are compensated by Cr acting as a deep acceptor. The acceptor

densigy Na must always be larger than the residual donor density Nd,

otherwise the Fermi level would lie close to the donor level and be near

the conduction band. Figure 3(a) describes the model. The density of

free electrons , n , the density of free holes , p, the density of ionized

donors , N~, and the density of ionized acceptors , N~ are plotted in

Fig. 3 on a logarithmic scal e as functions of the position of the Ferm i

level in the band gap.11 The Fermi l evel is at point F, the intersection
+ - . lO llof the curves for Nd and Na~ 

to satisfy charge neutrality. ‘ Since

the concentrations of free electrons , n, and free holes , p, represented

by points N and P, respectively in Fig. 3(a) are much smaller than

and N~, they are neglected in the charge neutrality condition.

Cr-dopes SI GaAs can display ei ther n- or p-type conduction

at room temperature . ?‘~~ It is difficult to account for such dual

behavior wi th the deep acceptor model . Since the position of the Cr—

acceptor leve l Ea is fixed , the only parameter varying from one crystal

to another is the compensation ratio Na/Nd~ 
In principle , as Na/Nd takes
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F I r 1 . 3 Graphic representation of n , p, N~ and N as functions of the
position of the Fermi leve l in the energy gap; (a) for the deep-
acceptor model , (b) for the deep-donor-deep-acceptor model .
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on di fferent positions in the energy gap, making the electron and hole

concentrations (points N and P in the fi gure) change in opposite directions ,

leading to electron or hole conduction dominance . In reality , however ,

the range over which Na/Nd may vary is narrow , only a few orders of

magnitude , and is severely limited by practi cal restrictions on the

concentrations of Cr that can be incorporated into the material

(Secs. 3.1 and 3.2.2).

For the analysis of some of the experimental results , an

analyti cal expression for the electrical resistivity of n-type samples

will be needed. Dropping the second term, the hole current , from the right

hand side of Eq. (2) and also neglecti ng the second term in the square

root of Eq. (4 ) since (Ed — Ea)/kT>>l for this model , Eqs. (2 
‘

~ and (
~ 

)
reduce to a simpl e expression for the resistivity p

p = ~~~~~~~~~~~~~ -l)ex p (Ec - Ea)/kT • (5 )

This simplification assumes that all the donors are ionized (N~ Nd),

because the Fermi level is located many kT’s below the shallow donor level .

B. Deep-Donor-Deep-Accepto r Model

In this model , there are both deep Cr acceptors and deep donors

associated with oxygen impurities . As discussed earl i er in this section ,

the main reason for considering a two-deep-level model , despite its compl exity ,

is tha t 0 present in the growth ampoule as an inhibitor of quartz dissoci-

ation (Sec. 3.1) is likely to participate as a dopant in the el ectrical

compensation. The two-deep-level model proposed here is an extension of
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the model proposed by Blanc and Weisberg and demonstrated by Haisty

et al for oxygen doped SI GaAs . The main difference is that in Blanc

and Weisberg ’s model the role pl ayed here by our deep Cr-acceptor l evel is

played by a shallow acceptor. Therefore, in the Blanc and Weisberg model ,

the density of deep donors must always be higher than the density of

acceptors . In contrast , in our model the acceptor level is deep, allowing

the density of deep donors Nd to be larger or smaller than the density of

deep acceptors Na •

Our model is described by Fig. 3(b). The curve that represents

N~ is obtained by superpositi on of a simple curve for the shallow donors

and a similar curve for the deep donors . The Fermi level is at F , the

point of intersection of the curves for N~ and N , so that the condition

of charge neutrality , is satisfied. Figure 3(b) was drawn for the

case when Nd > Na~ 
in this case, the Fermi l evel (point F) is above Ed in

the energy gap, its position depending on the ratio between the densitie s of

deep donors and deep acceptors Nd/Na • The case when Na > Nd can be

visualized in Fig. 3(b) by raising the curve that represents ~ above that

for N~, to the position shown wi th a dashed line . The intersection of N~
and N~, which again determines the Fermi l evel , is now at F’ below Ea in the

energy gap . Therefore , depending on whether Nd > Na or Na > Nd, the Fermi

level may move from above Ed to below Ea • The range over which the Fermi

level may vary as a function of realistic impurity concentrations is broader

than in the former model , making this model more suited for explaining the

existence of either n- or p-type Cr-doped SI ma terial .
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ror the analysis of some of the experimental results, an

expression for the electrical resistivity of n-type material will be needed ,

as wi th the previous model . The only simpli fication of Eqs. ( 2) and (~ 
)

wi thout loss of generality is dropping of the second term from the right

hand side of Eq. (2). However, in the limiting cases when either Na>>Nd

or Nd >>Na~ 
the second term in the square root of the right hand side of

Eq. (4) can be considered of second order with respect to the first.

Retaining only first order terms in Eq. (4), and substituting into

Eq. (2 ), leads to:

p = ~~~~~~~~~~~~ -l)exp [CE - Ea)/kT] ; N >> Nd (6)

p = ~~~~~~~~~~~~ -l)~~exp [(Es - Ed)/kT] ~ >> Na - (7)

These simplifi cations assume that all the donors are ionized (N~ Nd)

when Na >> Nd,or that all the acceptors are ionized (N~ Na) when

Nd >> Na • Eq. (6 ) is identica l to Eq. (5 ) derived for the deep-acceptor

model because once it is assumed that all the donors are ionized , the
positicn of the Ferm i level does not depend on whether the donors are

deep or shallow.

Samples were prepared from three boules of SI GaA s at Crysta l

Specialties , each having a different Cr concentration. Table 3 shows the

results of a mass spectrographic analysis of the two boules with the

highest and l owest Cr concentration. The low-C r sampl es contain 5xl015cm 3
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Table 3

Impuri ty Concentrations (in cm 3) From Mass Spectrographi c Analysis.

Element# Boule 1718 Boule 2000
Low-Cr High—Cr

N 2xl015 2xl015

Al 2xl015 2xlO ’5

Si 3xl0 15 lxl O ’5

S 2xlO~
5 4xlO ’5

K 2xl0~
5 2x10 ’5

Cu 2.8xl O 16 N.D.

Cr 5xl 015 5.8x l0 16
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Cr a toms , wh ich i s just above the 3xlO~
5cm 3 thre shol d of Cr concen-

tration required for hi gh resistivity material (Sec. 3.1). The high-

Cr samp les conta i n 5 .8xl016 cm 3 Cr atoms , wh i ch i s cons id ered the

upper bound for Cr concentration , since the high-Cr samples showed

incipient Cr precipitation in secondary ion mass spectroscopy measure-

ments (Sec. 3.2.3). The mid-Cr samples (from boule 2312) contained

l.2x10 16cm 3 Cr atoms , estimated from the amount of Cr ad ded to the mel t.

Room temperature measurements of resistivity and Hal l constant

were made on the high— , mid- and low-Cr samples , using a Van der Pauw

configuration . Table 4 summarizes the resul ts. All the samples have

high resistivity , between 3.4x108 ohm-cm and 1 .lxlO 9 ohm-cm . The low-Cr

material is n-type with a free electron density n = 3.6x106cm 3 and a Hall

mobility of 520 cm2/V-sec . The mid- and high-Cr materials have a negative

Hall constant as if they were n-type, with low apparent Hall mobilit y 
~H’

indicating mixed conduction. From a mixed conduction analysis of the
12 • . . - . . 

- -

data, and assuming that the mobility ratio b Pe1’I~h 
is equal to 10

(see Ref. 7), the values of N , p~ ~‘e 
and listed in Table 4 are obtained.

If the resulting values of ii , p, Ue and ~h 
for the hiqh-C r

material are used to calculate the conductivit y , the hole contribution

is only 1.4 times larger than qnP~ . In summa ry, there is a gradual

shift from n-type to p-type conduction as the Cr concentration of the

samples increases. This observation is in agreement with both models

described earl ier in this section because in both models an increase of the

density of Cr acceptors tends to displace the Fermi level toward the

valance band .
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Ta b le 4

Resul ts of resistivity-Hall measurements at room tempe rature .

Low-Cr Mid -Cr High-Cr

p (ohm-cm) 3.4x108 l.lx lO 9 3.8xl08

RH (cm
3C ’) -l .8xl0 12 -9.5x1O~ -l .2xlO ’1

~H
(cm V sec ) b200 850 320

Type n p p

n(cm 3) 3.6x106 9.2x105 a 4.6x105 a

p(cm 3) l. 3x107 a 2.7xl0 7 a

ue m2V 5e1
~~~ 

5200 2500 a 5200 a

u h (cm v Sec ) 250 a 520 a

(a) Calcula ted assuming b ll e/li h 
= 10 (see Ref. 7)
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In order to sort between the two models , the resistivity of

the sam ples was measured as a funct i on of tempera ture . These data are

plotted in Fig. 4. Notice that the resistivity decreases very rapidly

F 

when the temperature increase s, to the extent that it falls into the

- lO~ ohm-cm range at 200°C.

Before applying Eqs . (2 ) to (7 ) to fit the p vs T data ,

the implicit temperature dependence of the equations through the parameters

Nc~ 
N
~. ~e’ 

1’h’ Ed and Ea must be cons id ered . The tempera tur e dependence

of Nc and Nv~ just proportional to T312, is corrected for by plotti ng pT3~
”2

instead of p .  As to the mobilities 
~e 

and 
~h’ 

Look observed that the Hall

mobility of a Cr—doped semi—insulating GaAs crystal was constant in a

tempera ture range s i m i lar to that of our exper iment. Assumin g that such

behavior app l ies to our sam p les as well , the mobilities and will be

treated as temperature i ndependent. As to the relative energy positions of the

impur ity levels Ec - Ed. Ec 
- Ea~ 

etc., it is assume d tha t they rema i n

proportional to the energy gap as it changes with temperature . Instead of

correctin g the ener g ies for thermal var iat i ons , the correct ion is made on

kT , tak i ng advan tage of the fac t tha t the energy differences are alwa ys

divided ty kT in the equations. Lacking information on the values of the
13

degeneracy factors and for deep impurity levels in GaAs , the

values 9d = = 1 are chosen.

A . Low-Cr Case

In comparing the low-Cr data of Fig. 4 w i th the predi ctions of

the mode l s , only the contri bution of the electrons to the electrical .on—

duc tion needs to be considered because the material is n-type as in c~icated

35 
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Fig. 4 Resistivity vs. temoerature data.
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by the Hall measurement discussed earlier. Under thi s circumstance ,

Eq. (5) subject to the condition Na > Nd applies for the deep-acceptor

model , while Eqs. (6) and (7) apply for the deep-donor—deep-accepto r

model . All three equations predict pure exponential behavior of the

resistivity . The temperature corrections discussed earl i er in this

section are performed by replotti ng in Fig. 5 the data from Fig. 4 with

new scales log p T3”2 and lIT’ . A linear least square fit of the low-

Cr data is shown with solid lines in Fig. 5. The fit is excellent

indicating that the cri teria used in deriving the equations and correcting

the data were appropriate . The l ow-Cr data are fit by:

p = l.08T 312exp(8380/T’)ohm-cm , (8)

where T and T’ are in degrees kelvin.

Comparing Eq. (8) wi th Eqs. (6) and (7) for the deep-donor-

deep-acceptor model , Eq. (7) becomes identical to Eq. (8) by choosing

Nd/N = 14 and Ec - Ed 
= 0.72eV . This is the situation described in

Fig. 3(b), with the Ferm i level at point F , near the deep donor level .

The value Ec - Ed = 0.72eV is in excellent agreement with the position

of a deep donor level in 0-doped GaAs determined from measurements of

thermal activati on energy,5 luminescence ,14 and photocapaci tance)5

It is possible t~ make Eq. (5) for the deep-acceptor model identical to

Eq. (8) by choosing Na/Nd = 1.07 and E
~ 

- Ea 
= 0.72eV. This is

approximately the situation described by Fig. 3(a), with the Fermi leve l ,

determined by point F, between the deep acceptor level and the conduction

band . However, this al ternative woul d not lead to ~ consistent interpre-

tation of the results for all three Cr concentra tions .
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~~~~~~ :: Low-Cr

101w —

iü~~— —

I I I I I
4 3 2

100011’ (K ’)

Fig. ~ Plot of pT 3”2 vs. l/ T ’  for the low-Cr data of Fig. 2. The

temperature scale was corrected for the effect of the thermal
variation of the energy gap, 1’ = lE g (298K)/E 9

(T). The solid
line is the resul t of a linear least square fit .
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B. Mid -Cr Case

Since the mid-C r material exhibits mixed conduction (see

Table 4), the full expression of the resistivity given by Eqs . (2) - ( 4 )

mus t be used , requiring a non-linear least square fit. The following

procedure is used to find the optimum fit to log pT3”2 vs 1/1’. After

replacing in Eqs. ( 2) and ( 4), the numer i cal values of N
~ 

and N
~ 

and the

mobilities (Table 4), and assuming 9d 
= g8 

= 1, a fit is made using Na/Nd
and Ec - Ea as the adjustable parameters for a g iven value of Ec - Ed.

This is repeated several times to fi nd the value of Ec - Ed which gives the

minimum error . The excellent fit shown in Fig. 6 is obtained with Ec - Ed 
=

0.64 eV , Na/Nd 
= 0.98 and Ec - Ea = 0.90 eV. The value Ec - Ea 0.90 eV

is 0.06 eV higher than the energy of the Cr level determined by optical

experiments . 16-19 The value of Ec - Ed is 0.06 eV l ower than the val ue

determined in the l ow-Cr case. Such differences are a measure of the

overal l error margin of this work , a satisfactory margin given the simpli-

fying assumption on the temperature dependence of some of the parameters

and on the degeneracy of the levels.

Figure 7 shows how the results of the non-linear fit procedure

depend on the val ue assigned to Ec - Ed. The mean square deviation c Is

p lotted aga i ns t Ec — Ed along wi th the resulting values of Na/Nd and Ec - Ea~
The curve for c shows how sensitive the fit is to the position of the

donor level . The minimum for c at Ec 
- Ed 

= 0.64 eV proves that for a good

fit of the experimental data , the deep-donor-deep-accepto r model must be

used . If Ec — Ed 0 is chosen in Fig. 7 (i.e., shallow donors), which is

the assumption of the deep-acceptor model , the error E would increase by a

factor of almost two and Ec 
- Ea woul d become incompatible with the photo-

luminescence data on the Cr level . 16 ,17

39

— A~~ i ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.-

~--- - -,• - - 
_ 

- — .—‘ -. - _ _ 
_ ---



—

SC501 7 .1 7FR
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•
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100011’ (K ’)
Fig. 6 Resul t of a non—linear least square fit of the mi d—Cr data for

Ec _ E d = 0.64 eV. Fitti ng parameters : Na/Nd = 0.98; Ec~~Ea 
=

0.90 eV. The dots represent the experime ntal points .
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Fi g. 7 Plot of the mean square error e and the fi tting parameters Na/Nd
and Ec~~

Ea agai nst the parameter Ec _ E
d in the non-linear least

square fit of the mid-Cr data .
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The least square fit analysis was done imposing the constraint

that the donor level be above the acceptor level (E
~ 

- Ed ~ 
E~ - Ea )

~ 
An

attempt to reverse this constraint by placing the donor l evel below the

acceptor level led to unphysical resul ts .

C. High-Cr Case

Since the high—C r material also exhibits mixed conduction

(see Tabl e 4), the p vs I data were analyzed with the same non—l i near

fitting procedure used for the mid—Cr case. The excel l ent fit shown in

Fig. 3 was obtained with Ec - Ed 
= 0, Na/Nd 

= 1.04 and Ec - Ea 
= 0.83 eV.

The ~elue E
~ 

— Ea = 0.83 eV is in excel l ent agreement with the energy of

the Cr level (0.84 eV) determined by photol uminescence , 16,17 photocon-

ductivity and optical abdorption. 18,19

Proceeding as in the mid-Cr case, Fig. 9 shows how the resul ts

of the lease square fit derend on the value assigned to E~ 
- Ed, by plotting

the mean square deviation c agains- Ec 
- Ed alon g with the resulting 

val ues

of Na/Nd and Ec 
- Ea~ 

The curve for shows that a good fit cannot be

obtained with the donor l evel placed where it was in the low- or mid-Cr

case (Ec - Ed between 0.64 and 0.72 eV). The donor level must instead be

placed within 0.4 eV from the conduction band. In this range the values of

Na/Nd and Ec - Ea are practically independent of Ec - Ed. Al though the

best fit is obtained for Ec - Ed = 0, there is some indetermination in the

value of Ec - Ed 
= 0. Changing the values of the mobilities within reasonabl e

limi ts does not al ter the conclusion that Na/Nd > 1 or the conclus ion that

the donors are located within 0.4 eV from the conduction band where the

curves in Fig. 9 are almost flat. Not being aware of any deep donor species

within 0.4 eV from the conduction band , leads to conclude that the donor

level i s s hallow .
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F i g .  ~ Resul t of a non— linear least square fit of the high -Cr oata for
Ec

_ E
d 

= 0. Fitti ng parameters: Na/N d = 1.04; Ec
_ E

a 
= 0.83 eV.

The dots represent the experimental points . The dashed lines
represent the separa te contributions of electrons and holes.
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When the resul ts from the three samples ~re compared , it

becomes clear that the low- and mid-Cr cases follow a simpl e trend wel l in

agreement with our deep-donor-deep-acceptor model . The low-Cr sample is

n- type with domi nant deep 0 donors and Nd/Na = 14. As the Cr concentration

is increased , in the mid-Cr case, Nd/Na decreases to near 1 , and the

two dominant deep levels , the deep 0 donors and the deep Cr acceptors are

identi fied . The high-Cr case does not follow the predicted trend. A

further decrease of Nd/Na and a still domi nant role of the same two deep

impurities would be expected when going from the mid- the high-Cr case. 
—

Instead, Nd/Na remains nearly 1 , and while the domi nant acceptor is Cr as

expected, the dominant donor specie is shallow.

The anomalous behavior of the high-Cr sample can be explained

with the aid of the mass spectrographic data of Table 3 . In the first

place , what would be the simplest explanation for the promi nent role of the

shallow donors ,namel y that the high-Cr samples have more Si impurities than

the other samples , must be di scarded . According to the mass spectrographi c

data (Table 3), the l ow- and high-Cr samples have nearly equal concentrations

of Si im purities. We therefore suggest that the 0 concentration of the

high-Cr sample is anomalously low leaving the shal l ow donors as the promi-

nent donor specie. Large fl uctuations in 0 concentration can easily occur

because this concentration is very sensitive to growth conditions (Sec.3.1).

Unfortunatel y, th is hypothesis can not be contrasted with the mass spectro-

graphic data because spark mass spectroscopy 0 measurements are

unreliable. It is possible to account for the high -Cr Nd/Na remaining

—~~- _ ~~~~~~~ —~~~.
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almost unchanged despite the increased Cr concentration from the mid— to

high-Cr sample and the just proposed decrease of 0 donor concentration, by

the lack of Cu in this specimen (Table 3 ). Since Cu acts as an acceptor , 20

it participates in the total balance between donors and acceptors . The lack

of Cu in the high—Cr case would counterbalance the increase of Cr acceptors

and the decrease of 0 donors .

In conclusion , it has been shown that wi th some knowl edge of

the material composition and of impurity energy levels , it is possible to

interpret and model the electrical compensation of SI GaA s by means of

p vs T measurements . SI GaAs crystals with several Cr concentrations have

been compared . The interpretation of the da ta from the low- and mid-Cr

material requires a deep donor level located between 0.64 and 0.72 eV from

the conduction band. The presence of this deep donor level implies that

the “conventional” model with deep Cr acceptors compensating residual shallow

donors is not correct. A three level model for Cr-doped SI GaAs was pro-

posed , the three level s being the residual shallow donor and deep Cr acceptor

levels , pl us an additional deep donor level . This mode l can interpret all

the experimental data . Based on comparisons wi th 0-doped GaAs , it is pro-

posec1 that the deep donor level is associated with oxygen impurities. An

irtrinsic limi tation of this work , common to transport measurements on

compensated semiconductors , is that it can only yield compensation ratios.

Efforts to determine separate values of Na and Nd by profiling the electrical

potential at junctions of SI material with n- and p-type layers will be

discussed in the next section.
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3.2.2 Potential Profiles at Semi-Insulate d Substra te-Epitaxial
Interfaces - Science Center

The electrical properti es of the junction formed between the

acti ve layer of an FET device and the semi-insulating (SI) substra te are of

great importance in modeling the device operation. If the electri cal

characteristics of the impurities in SI GaAs were well known , the electr ical

properties of this junction could be predicted . Unfortunatel y, simp le

methods to determine the absolute concentrations of shallow and deep impuri-

ties in SI GaAs are lacking. One of the techniques capable of determining

concentrations of deep impurities in high resistivity material s, namely,

the observation of current injection phenomena , depends very heavily on

good knowledge of the injecting contacts for the interpretation of the

results.

Our application of h igh spatial resolution Auger electron

spectroscopy (AES) to determine the potential profiles across p-i-p and

n-i-n GaAs structures (i stands for SI GaAs) under dc voltage bias to thereby

study the electrical properties of p—i and n—i junctions will now be

described . This technique has interest for the study of the FET active l ayer-

substrate interface . If depleti on regions are identified , values

of Nd
_N
a in the semi-insulated substrate can be determined.

In AES , an exciti ng beam of electrons of several keV energy

(the primary)beam is direc ted at the surface of a solid and the resulting

secondary electron spectrum is energy-analyzed with an electron spectro- —

meter. Over the energy range of 0-1500 eV the secondary electron spectrum

exhibits discrete peaks (hence, Auger electron spectrum) whose positions
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are characteristic of the particular elements p resen t i n the sur face reg ion

excited. It has been demonstrated , however , that a given Auger electron peak

will shift linearly in energy in direct correspondence to an electrical

potential applied to a specimen. 21 If the relative shift of a peak at

different points across a dc-biased specimen is measured using high spatial

resolution AES , the potential profile across the specimen can be obta i ned.

Our experiments employ an ultra-high-vacuum scanning electron

microscope (SEM) construc ted in this l aboratory for high spatial resolut ion

(< l jun) AES work . Operating parameters for the AES-SEM system during the

experiment were 20 kV beam voltage , 20 nA beam current , and 9xl0~~
0 Torr

chamber pressure . Spatial resolution in the potential measurements and

the micrographs is - 0.751Jm . The accuracy of the potential measurement is lv.

The procedure is to first use the system as a SEM to obtain a

secondary electron micrograph of the specimen over a region of interest.

Next, the finely— focused (< l~im) primary beam of the SEM is computer-controlled —

to dig itally step in a sequence of discrete points along a chosen line on

the specimen . At each point , the derivative 22 of the Auger electron peak

of C (or, for some sequences , 0) is recorded . (Any specimen examined by AES ,

even in an ul tra-high-vacuum system such as ours , will normall y have C and

O peaks unless specially cleaned under vacuum) . The shift in energy of the

Auger electron peak when vol tage is applied to the specime n is measured for

every point. The shifts are then calibrated against the shifts caused by

known potentials applied to a metal electrode . The potential at each point

on the line scan can , then , be associated with the specimen geometry recorded

on a secondary electro n micrograph. A test (conducted on IR&D funds) on a

48 

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



SC5017.17FR

well-c hara cterized GaAs p-ri junction , showe d excellen t ag reement wi th the

predicte d profiles for different bias voltages , 23 as shown in Fig. 10. The

value of Nd~Na calculate d from the slopes of the V 2 vs X curves agreed within

20% with the resul t of a C—V measurement. 23 These resul ts indicate that

the primary electron beam specimen interaction does not radi cally affect the

measuremen t, and that the surface potential profil e is similar to that of the

bu l k . Th i s demons tra tes t he rel i ab i l i t y of thi s new an d powerful  tec h n i que

for the study of semiconductor junctions.

The AES-SEM technique was appl i ed to the same low-Cr and high-C r

mater i als which had been charac ter i ze d by the trans por t measuremen ts descr ib ed

in Sec . 3.1 .1, made on samples from Crystal Specialties boules 1718 and 2000.

The s pec nens for thi s exper im ent we re ta ken from pos iti ons i n the boules

near those of the samples used for the transport measurements as a precaution

agains t variations of impurity densities along the boules . The n- and p-type

contacts for the n-i-n and p-i-p samples were prepared by liquid phase

epitaxial growth of heavily doped l ayers on each side of the SI substrate

ma terial . Epitaxial contacts were cho ;en desp ite the diff i cul t ies i nvolved

in two-sided epitax ial growth because they form well defined interfaces .

After the first contact l ayer was grown , the substrates were thi nned to

6O-8O~im by la pping and etching, and a second layer was grown on the side oppo-

site to the first l ayer. Circular Cr-Au contacts were evaporated onto one

s i de , and the other side was completel y covered with Cr-Au. Mesas were

etched , centered on the circula r contac ts , until nearly full separation of

the diodes. Separation was compl eted by cleaving. Figure 11 shows an SEM

micrograph of an n-i-n sample.
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Fiq 1] S~M micr ograph of a typical specimen for AES-SEM measurements
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Cathodo l uminescence in the SEM was used to determine without

ambiguity the location of the interfaces between the substrate and the

epilayers . This application of cathodoluminescence takes advantage of the

low i ntens i ty of ban d gap lum i nescence of SI GaAs , in contrast with the normal

lum inescent intensity of the epitaxial l ayers . Figure 12 shows two SEM

photographs of the specimen in the same position and with the same magni-

f i cat i on . In one pi cture a secon dary elec tron detector i s use d to see the

specime n, while in the other picture a photomu ltiplier with an S~l photo-

cathode i s use d to id enti fy the epi tax ial layers . The val id ity of th i s

technique was confirmed by staining on a disposable sample.

AES-SEM measurements were performed on all samples. The

experimental results identi fy two distinct cases: a) the low-Cr p-i-p

and hign-Cr n-i-n case; b) the low-Cr n—i—n and high-Cr p-i—p case .

These two cases will be di scussed separately.

a) Low—Cr p— i— p and High— Cr n-i—n Case

Figure s 13(a) and 13(b) show the potential profiles of the

low-Cr p-i—p sample and the high—Cr n—i-n sample for several bias

vol tages and for both polarities. The vol tage profiles resemble those

of the reverse biased diode shown in Fig. 10, therefore indicati ng

the existence of a depleted contact in each case. In the low-Cr (n-type )

p-i-p sample (Fig. 13a), the voltage drops near the p-type cathode ,

that is; a) when the left side (sample top) is biased negati ve, the

vol tage drops near the left side; b) when the ri ght si de is biased

negative , the vol tage drops near the right side . Notice that the vertical 
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(a)
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(b)

lOOtim I

Fin . 12 Measurement of sample thickne ss by cathodolum inescence .
(a) Normal scann ing electron micrograph taken with a
secon dary electron detector; (b) Same as (a) in the
cathodoluminescence mode using a photomultip lier wi th
S-l photocathode as detector.

53

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



~~~~~
- I— 

~~~~ 
__

~~~ :_~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~_;, 
-
~ 

— —--
~
- —

Pr -

SC5O1 7. 17FR

I I I I~
6 _ . ~~~~~

V I 
—

P 1  i I P

~~~~4 _ I  I
V I

o b o  ••••••> - 0
.
~~ V

L 0A A A A  
—> 2 — I  A V

I 0
A V I

.
~ V

0

I A

0 . *  • • • • • • • S S •  • 0 0 0 0  010 0 0  0—C

I I
0 20 40 60

X (Microns)

Fi g. 13(a) Square root of the potential across a p-i-p specimen
made with low-Cr (boule 1718) SI GaAs . 3ias voltages:
V 40V ; 0 lOV; t~ SV , left contact negative ; • lO~ ,
ri ght contact negative .

I- —

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
—

~~~
- ______



SC5O 1 7.1 7FR

I I I I

n j  i I n

.•~~~
1 0 0 0 0 I

2 -  I 0 —
~

— I 0 I

I 0 S -

I A A A A A 0
>— I A I> I 0

iL~~ I T
I 

A 
I

A I

I ~~~~~~~
0 40 80

X (i.tm)

Fig. 13(b) Square root of the potential across an n-i-n specimen
ma de with high -Cr (bould 2000) SI GaAs . ~: left side(sample top) biased +3V ; 0: left side (sample top)
biased +6V; •: right side (sample bottom ) biased +6V .
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scale in Fig. 13(a) represents V½. v½ varies linearly as expected for

a depleted junction in uniformely doped material . The vol tage remains

constant past the metallurgical junction (indicated by the dashed lines)

before it starts to drop. This effect is attributed to the heat treatment

the substrate has suffered in the epitaxia l growth furnace . Heat treatment

forms a p—type l ayer near the surface of the substrate (see Sec. 3.2.4),

thus effectively extending the p-type layer beyond the metallurgical

junction. The high—Cr (p— type ) n-i—n sample (Fig. 13b) has vol tage

profiles similar to those of the low-Cr p—i -p sample , but the voltage

drops near the n-type anode , al so supporting the depletion interpre-

tation. It is not clear why, on the left side in Fig. 14, V~ does not

vary quite linearl y. The distortion may be due to sample geometry effects.

The I—V characteristi cs of the samples also support the

interpretation of their potential profiles in terms of reversed biased

junctions. The I—V characteristics of the high Cr n-i—n sample shown in

Fig. 14(a) and the low—C r p-i-p sample shown in Fig. 14(b) show current

saturation like those of reverse biased p-n junctions . This confirms

that the low-Cr n—i—n s~mpl~ is acting like an n-li-n diode , and the

high—Cr p—i-p sample is acting like a p—v-p diode . Such a conclusion is

in agreement with the results of Sec. 3.2.1 , where i t  was shown that

the low—Cr material exhibited n-type conductivity and the high-Cr material

exhibited p— type conductivity . The breakdown voltages in the I—V

characteristics agree with the punch-through vol tages estimated from the

potential profiles.
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I—V characteristics of n-i-n and p-i-p saI~ples . (a) High -Cr
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From the slopes of the vol tage profiles , by applying Poisson ’s

equation , the space charge densities in the depletion regions of the

semi—insulating material was calculated , yielding Nd_N a = 5.7x10 13cm 3

in the low-Cr material , and Na
_N

d 
= 6.5xl012cm 3 in the high -Cr material .

Both values are remarkably small , two to three orders of magnitude smaller

than the concentrations of impurities measured by mass spectroscopy

(see for example Table 3 in Sec. 3.2.1). It is unlike ly tha t the

individua l values of Nd and Na are much larger than Nd
_N
a and that they

are perfectly compensated both in the high—Cr and the low-Cr material .

The transport property analysis of S~ 3.2. 1 showe d that , at least in

the low—Cr case, Nd/Na was equal to 14. Therefo re, the small values of

Nd
_N

a and Na
_N

d must be taken as an indication that the concentrations

of donors and acceptors are much lower than the concentrations of

impurities in the material . This observation of low donor and acceptor

densities is supported by early observations of low values of trap filled

limit voltage 24 in current injection experiments on SI GaAs .25 It is

possible that a fundamental part of the compensation of semi-insulating

GaAs takes p1~ r~ by formation of electrically inactive com plexes. 26

Further experiments are required.

b) Low-Cr n-i-n and High-Cr p—i—p Case

The I—V characteristics of these samples are compared in

Fig. 14(a) and Fig. 14(b) with those of the previous case. The I—V

characteristics are ohmi c until they reach breakdown. A near ohmic

behavior is precisel y what one woul d expect since these are n-v-n and p—m -p

diodes. One might also expect a more less linear drop of the electrical
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potential across the i reg ion between the contac ts . However , the

volta ge profiles are quite nonlinear , as shown in Fig. 15 for the high -

Cr p-i—p case. When the left side is positively biased (Fig. 15a), the

voltage remains nearl y constant across the sampl e unti l it drops sharply

near the negative contact. When the polarity is reversed (Fig. l5b)

the profile al so reverses , so that the main voltage change always occurs

near the cathode . Similar profiles were observed in the low-Cr n-i-n

case, in this case the vol tage step being located near the anode . In

the hi gh-Cr p-i-p case the current i nduced by the SEM beam has been

measured , and it is also shown in Fig. 15. Th i s induce d current profile

qualitatively agrees with the voltage profile. The induced current is

large where the electric field is large . This is taken as a verification

of the AES-SEM measurement.

We have no simple interpretation for the potential profiles of

the low-Cr n- i—n and high -Cr p-i — p samples. Failure of the Auger tech-

nique to faithfully measure the voltage should be ruled out in view of

the recent demonstration on a well -chara cteri zed p-n junction discussed

earlier in this section .23 Impurity diffusion from the heavily-doped

epi-layers is unlikely because the potential drop occurs 2O~n from the

interfaces . Free carrier diffusion from the interfaces due to the large

Debye len gth in SI GaAs has been ruled out by calculation. Very deep

carrier diffusion would give too high a current through the sample compared

to the measured I-V curves. The most likely cause for the rapid potential

change is the inhomo geniety introduced in the i—layer by the heat treat-

ment in the epitaxial growth furnaces (see Sec. 3.2 .4).  This hypothesis
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should be tes ted by re pea ti ng the measuremen ts on sam p les prepare d w ith

alloyed contacts , allowing fabrication temperatures much lower than

epit axial growth .

In sumary, a techn iq ue for the measurement of elec tr ical

potential profiles across semiconductor junctions using an AES—SEM has

been developed . This technique is valuable for the study of the n-type

FET active layer-substrate interface . In the case of a SI substrate

wi th p-type conductivity (high-Cr), a large electric field was observed

i n  the  subs t ra te near  the interface due to depletion by the n-type l ayer.

Lar ge el ectric fields at the interface may enhance noise generation.

In the case of a SI substrate wi th n—type conductivity (low-Cr) a high

el ectr ic f i e l d re gi on also app eare d in  the su bstra te , bu t i t was detache d

from the interface . A por ti on of the su bstra te near the interface

remained at the potential of the n-type layer. In the case when the

Sub 5trat~ was depleted Liie AES-SEM L .htii qut~ y ielded vdiueS UI ‘
~d~~a~

The very low va lues of Nd_N a observed indicate that the densities of

donors and acceptors are much lower than the densities of impurities in

the mater i al suggest i ng that electricall y inac ti ve com p lexes may p lay a

si gni f i cant role i n the compensa tion of SI GaAs .

3.2.3 Inclusions in Semi-Insulating GaAs - Cornell Universi~ y~

Secondary ion mass spectronietry (SIMS) has been employed to

conduct a study of uniformity of concentration of chrom ium, and other

impurities , in semi—insulating (SI) GaAs substra tes. The instrument

k~ 
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:~ ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ --  -



~~
- w — — -,-,--—“ ,----“ ------— — — —-- —.- — - —--- —,----- — —,--------- — ----- -~~ --~ ---- —--

SC5O17.17FR

being used was a CAMECA Model IMS-300 Ion Microprobe-lon Microscope with

ima ging capability . The instrument sensitivity was ‘~~ l ppm. The ion

beam had a 1pm transverse spatial resolution.

Several SI GaAs samples have been tested , with partic ular

interest in a high-Cr sample (Crystal Specialties , 2000) with a Cr concen-

tration of 5.8xl0 16cm 3, and a low-Cr sample (Crystal Specialt ies , 1718)

wi th a Cr concentration of 5x1015cm 3. These samples were taken from the

same wafers used to fabricate the p-i-p and n-i-n specimens described in

Sec. 3.2.2. Studies of Ga and As showed the expected uniform , featureless

concentration over the polished surfaces on both samples . Studies of Cr

in the lightly -doped sampl e showed no Cr above the sensitivity l imit ,

l ppm . In the high-Cr sample , however , isola ted smal l i n c l u s i o n s  of

chromium were easily detecte d , an d are shown as the three small , di ffuse

whi te spots in Fig. 16a (bottom, center , an d upper right). The chrom ium

over the rest of the surface was below the sens i t ivity limit. The fiel d

of v i ew in F i g. 16 is 250pm in diameter. Notice that no i nclusions had been

detected by visual inspecti on of the wafer after polish. Other very

heavil y Cr-doped samples showed Cr inclusions , but inclusions were not

observed on samples w i th lxl0~
6cm 3 Cr concentra tion or less . The onset

of Cr inclusions at modera te doping is probably due to the low solubility

of Cr in GaAs ,2 combined with constitutional supercooling during

solid ification.

The above observations set an upper limit of -‘-. 5x l0 16cm 3 for

the usable Cr-concentration in SI GaAs , considerin g the high— Cr sample

(boule 2000) to be on the threshold of Cr inc l usions. With this ra ther
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Fig. 16(a) Chromi um impurity pattern in a high-Cr SI GaAs
substrate (Crystal Specialties 2000).
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lo w ce i l i n g  of Cr concen tra t ion , the usab le Cr range in SI GaAs become s

quite narrow , between ‘u 3x lO 15cm 3 requ i red to i nsu re e lectr i cal com pen-

sation (see Sec . 3.1) and ‘u 5x lO’6cm 3 determined by the onset of

inclus ions.

The only other impurity detected by the SiMS ana lysis is Si.

Fi gure l6b shows a silicon pattern over a 250pm fiel d of view on a SI

GaAs sample. Si inclusions were present in most Si samp les . However , in

SI substrates with extremely low Cr concentration (NCr <lO
’5cm 3), the

silicon inclusions were nearly el iminated . This low level of Si inclusions

is probably related to the fact that the overall Si content of the sample

must be low in order to be electri cally compensated with such a low Cr

concentra tion. This result further stresses the need of minimizing Si

contamination during growth of SI GaAs (see also Sec. 3.1).

SIMS measurements were used to study some of the effec ts of

heat treatment . Samples were first examined with the SIMS ,then heat trea ted

for 10 hours in H2 atmosphere at 700°C, and, f i n a l l y, reexam i ned under the

SIMS . Substrates very heavily doped with Cr (NCr>10
17cm 3 with visible

Cr inclusions), showed a large accumulation of chromium on the surface after

heat treatment. This did not occur on substrates with more normal Cr

doping (NCr < 5x1016cm 3).
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3.2.4 Effects of Heat Trea tment on Semi-Insulatj~g GaAs -

Science Cen ter

GaAs s u ’stra tes with low resistivity can usually be heated in

epitaxial growth furnaces unti l they reach the -equired growth temperature

without suffering appreciable changes of their electrical properties . Semi—

insulating (SI) substra tes are luch more sensitive to such heat treatments

because they ar e com pensa ted sem i con duc tors . 1 It has been shown that

even moderate heat treatment cycles similar to those that take place in

LPE growth may , in  some cases , l ower the sheet resis tance of semi-insulating

substrates by several orders of magnitude . Such resistance changed produce

disastrous effects on the performance of GaA s microwave FET devices fabri-

ca ted on those semi -insulating substra tes . 27 Ion implantati on is not free

from heat treatment problems either because the implanted substrates has to be

annealed in order to remove implantation damage (see Sec. 5). Al though this

anneal i s done at temperatures much hig her than those of epit axial g rowth ,

the sample is usually covered by a protective cap. Still the effect of this

hea t trea tment mus t be tested , as chan ges in substrate properties may be

responsible for anomalies in the doping profiles of implante d layers .

This section will first discuss the effects of heat treatment in

a hydrogen atmosphere , as in epitaxial g rowth . A survey of materials will

be presen ted . Transport pro perty measurements and photolum i nescence data

will be used to show that impurity doping plays a role i n the formation of

the low resistivity l ayers . Secondly, hea t treatment with the surface of the 
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substrates exposed to 11 2 ~- i l l be compared with heat treatment with a pro-

tective cap, showi ng that the two types of heat treatment lead to different

substrate behavior , and that substrates qualified for epitaxial growth are

not necessarily qualified for ion implantation.

A large cross section of SI GaAs material grown at Crystal

Specialties has been tested for heat treatment behavior. Smal l pieces from

the 0.5mm thick wafers were polished , cleaned , chemi cally etched to remove

damage , and finally annealed for 90 minutes at temperatures of 700, 750 and

775°C . This heat treatment was done in the same lea k tight furnace used for

LPE growth (see Sec. 4.2). During the anneal , the furnace was flushed wi th

Pd—purified H2. This procedure exactly simulates both the substrate pre-

paration and the heat treatment typ ical of LPE growth .

In Fig. 17 the sheet resistivity of sampl es from six boules is

plotted against heat treatment temperature . The rapid decrease of sheet

resistance when the heat treatment temperature is increased indica tes that it

is desirable to keep the growth temperature as low as possible when growing

LPE layers on semi-insulating GaAs. No correspondence was found between the

sheet resistance of the heat treated samples and their Cr-concentration.

The low resistivity l ayers formed are always p-type . This

observation based on I-V characteristics of samples with asymmetric contacts has

been verified on the more conductive si’mples by Hall measurements .

Sampl es from boule 2109 were chosen for study by ESCA . The

ESCA spectra of samples which had not been annealed , annea l ed at 750°C , and

annealed at 775°C turned out to be identical . The main chemical species

observed were Ga and As in stoichiom etric concentration. 0 and C were also

observe d , as might be expected. Since ESCA determines the chemical composition
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w ithin the first 20—30A of the sample , this result rules out the possibility

of any large chemical change induced by hea t treatment in the top ruonolayers

of material . Small chemical changes which involve diffusion , like impurity

doping and vacanc y formation are below the detection limi t of ESCA .

Typical resul ts of photoluminescence measurements at 77K w ith

a He—Ne laser as excitation source are shown in Fig. 18 . In this figure ,

the spectrum of a sample annealed at 775°C (curve a) is compared with the

spectrum of an unannealed sampl e from the same wafer (curve b). The weak

emission from the unannea led sampl e at 1.508 eV corresponding to near gap

recombination , 28 was greatly enhanced by annealing . In addition , a

broad peak appeared at 1.39 eV after hea t treatment. All the hea t treated

samples showed a photoluminescence spectrum like curve a in Fig. 18. Both

photoluminescence peaks were higher for the sampies tha t showed larger

decrease of sheet resistance after heat treatment .

The correlation between decrease of resistivity and increase of

photol uminescence intensity in the hea t treated material was exp lored by

profiling into a layer. Figure 19 is a plot of the intensity of the l umin-

escence peaks of Fig. 18 against thickness of material removed in sequential

etching steps. The resistance between two contacts is plotted for comparison.

As the resistance increases , the photoluminescence i ntensities decrease.

When sufficient material is removed , the resistance and the photol uminescence

intensities recover their normal values for untreated material .

The thickness of the low resistivity l ayer is on the order of

0.3~un. From this val ue and from the length of hea t treatment (90 minutes), a -
‘
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Fig. 16 Photol uminescence spectra of an annealed and an unannealed
sample from the same wa fer (from bou l e 2109) measure d at 77K.
The spectra were corrected for the spectral response of the
sys tern.
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Fi g. io Intensi ty of the pho tol uminescence peaks (at 77K) and resist-
ance between two contact:; plotted against th ic~ russ of
ma terial removed in sequent ial etching steps .
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diffusion coefficient of ‘u 2.lxl0~~
3cm 2sec 1 at the anneal i ng temperature

of 775°C was calculated for the centers responsible for the p-type con-

duction.

The two peaks i n the 77K photoluminescence spectra of the hea t

treated samples (Fig. 18) could be resolved by l ower i ng the- measurement

tempera ture . Figure 20 shows the photol uminescence spectrum at 25K for the

heat treated sample of Figs. 18 and 19 . In the gap region it is now possible

to di stingui sh the free excition recombi na tion peak at 1 .514 eV s ig nal i ng

the position of the energy gap, 29 and a large peak at 1.491 eV. The

energy of this peak , 27 meV l ower than the gap energy , is characteristic

of con duct i on ban d to acce p tor recom bi nat i on or exc it on boun d to acce ptor

recombination. The broad peak which appeared at 1.39 eV in the 77K spectrum

(Fig. 18) split into several structures at 25K (Fig. 20). The structures

are easily ident ifi ed as a ma i n peak at 1 .409 eV , an d a set of phonon

rep l i cas a t l ower ener gy .

The tempera ture de pendence of the resis ti v i ty and Hall cons tant

were measure d in or der to de term i ne whi ch of the two ener gy levels observe d

in the photoluminescence spectrum was responsible for the p-type conductivit :

of the surface layer . Th i s measuremen t was Illade between room tempera ture

and liquid nitrogen temperature using a Van der Pauw configuration.

The free hole concen tra ti on per unit area p, multipl i ed by

T 1
~
5 in  or der to com pensa te for the tempera ture depen dence of the effec ti ve

density of states , is plotted in Fig. 21 against the inverse of temperature.

At low temperature , the p T 5 product decreases exponentially corres-

pond ing to the freeze out of free carriers. This exponential variation

71

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



—- - -  
~~~~~~~~~~

-- - -_-.- --- _ - -
~~~~~~~~~~~~~

SC5017.17FR

I I I

>
> _0) ___—

-~~~~~~~~

-

a)
>
0) >-

— ~~~
-

÷

CC _J-~-

\- C  
-
.

I
0

(S1IN11~~~~ V) AI ISN3 INI
Fi g. 20 Photol uminescence spectrum of a heat treated sample measured

at 25K . The spectrum was corrected for the spectral response
of the system .
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l i l l i l l  I~~~I T !
I0~~— —

— N = 3.8x 1011 cm 2 —

£ = 0. 098 eV

io2 __ N / N d = S . 2 
—
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12 9 6 3

1000/1 ( K 1 )

Fig. 21 Free hole concentration (per unit area) multi p lied by T~~~
5

vs l000/T for a sample from boule 2109 heat treated at 775°C
for 90 minutes .
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appears as a stra i ght li ne in the sem i lo gar it hmi c p lot . A linear leas t

square fit indicat ed by the straight line in Fig. 21 yields the depth of

the acce ptor l evel Ea = 0.098 eV and the compensation ratio Na/Nd 
= 5.2.

An acceptor density per unit area Na = 3.8xlO ’1 cm 2 was ob ta i ne d from the

sa tura tion of p at high temperatures . This acceptor density per unit area

corresponds to an average acceptor density per unit vol ume of ‘ul O16cm ~ 
-

assum ing an average depth of O .3pm.

The measuremen t of resistivity and Hall constant as functi ons

of tempera ture show that the acceptor level responsible for the

p-type conversion lies 0.098 eV above the valence band. This result

identifies the 1.409 eV peak in the photo luminescence spectrum of Fig. 20

with this acceptor level . This pea k corresponds to a mang anese acceptor. In

fact , a peak at exactly the same energy , with the same width and with the

same streng th of lattice coupling (measured by the in tens i t i es of the

phonon replicas), has been observed i n  the pho to l u m i nescence spec trum of

Mn- doped GaAs. 30 This identification has been confirmed by several Mn

dop in g techniques such dS diliusior i , 30 e~i taxiai growth , 31 and ion

imp lantation. 32 The identifi cat ion of the acce ptor as Mn i s com pa tib le

with the resistivity and photo l uminescence profiles . The va l ue of the

diffus ion coeffic ien t determ i ned from the thi ckness of the low resis ti v ity

l ayer (2.lxl0~~
3cm2/sec at 775°C) is close to the diffusion coefficient of

Mn in GaAs at that temperature (7xl0~~
3cm2/sec). ~

A Mn acceptor has been identified in GaAs grown by molecular

beam epitaxy (MBE) unde ’ As—rich conditions by Ilegems et al -

r - - -
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They suggested that stainless steel was the source of Mn. Presence of Mn

in our heat treatmen t furnace is more difficult to explain , s i nce there are

no hot stainless steel com ponen ts . The only com ponen ts in our sys tem are

the quartz furnace , the graph i te boat on which the samples are placed

(facing up), Pd-purified fl owing hydrogen gas , and stainless steel tubing

for the hydrogen gas. Since these components are all unlikely sources of

Mn doping, an al ternative is that Mn may be present in SI GaAs and be acti-

va ted by the heat treatment. Mass spectroscopy analysis of some of the SI

samples used in the heat treatment experiments did not detect Mn. However ,

the detection limit was marginal (~3x10
15 cm 3). The value of the diffusion

coefficient determined above (2.lxl 0~~
3cm2/sec at 775°C) is very close to the

value of the di ffus i on coeffic ient determ i ned by Chian g and Pearson for

Ga vacancies (l .7xl0~~
3cm2/sec at 775°C). Since Mn tends to occupy Ga

sites , thi s agreement makes a hypothes i s of vacancy i nduced ac tivat i on

of Mn present in the material very attracti ve . Further experiments on

varying the annealing conditions will be required in order to test this

hypothes is.

The acce ptor peak at 1.491 eV in the pho tol uminescence spectrum

of Fig. 20 has not been identifi ed yet. This peak may be due to C , but  care

must be excercised in making any interpre tation because several impurities

(Be , Mg, C , Zn) introduce acceptor level s at this energy . 36

The effects of hea t treatment conditions similar to those of

post—implantation anneal on SI substra tes have also been invest i gated .

Sampl es from a cross section of SI GaAs grown at Crystal Specia lties have

been tested . The tests consisted of simulating the ion implantation processing
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of the substrates without imp lant. Small pieces from the SI GaAs wafers

-
- 

- were cleaned , etched , covered with a S1 3N4 cap, and annealed at 850°C for

30 minu tes i n a hydro gen flushe d furnace . The ca p was then remove d , and the

sheet resistivity was measured. The sheet resistivity resulting from this

test is plotted in Fi g . 22 for ma te rial from severa l boules against the

sheet resistivity measured after the test described earlier in this section ,

where the samples had been annealed in H2 at 750°C without surface pro—

tection. In Fig. 22 , th i n li nes have been drawn at l0~ ohm!0 parallel to

both axis to represent the typical sheet resistivity of untreated samples.

Thin lines have al so been drawn at l0~ ohm/0, representing a conventiona l

boundary between material qualifie d and mater i al unqual i fi ed for ion

im plantation or epitaxial growth depending on the test performed. Only

three boules out of seven fall in region C of Fig. 22 , which cor -esponds to

ma ter i al acce ptab le for both ion imp lanta tion and ep itaxial grow th. The

other four boules fall into region B, wh ich corres ponds to ma ter ial qualif i ed

for epi tax ial grow th , but not for ion implantation . Lack of points in

reg i ons A and B does not necessar i ly rep resent a trend of the mater ial

because Ofli~ material qual i fied for epitaxial yr~~th was teste d for i on

implanta tion qualifica tion . Ihe conclus ion one ex trac ts from the results

of Fig . 22 is that qual i fication test on substrates for ion imp lanta tion must

be done independently of whether the ma terial is qual i fied for epitaxial

growth . In Sec. 5 .1, the correspondence between the effects of capped

anneal on SI su bstrates and the rep roduci bi lity of implante d prof i les w i ll

be discussed. It will be shown that an even better substrate qualification
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test can be done by Kr bombarding the substrates before capping and anneal i ng ,

so that not only the heat treatment, but also the damage produced by ion

implantation is simulated .

The electrical properties of the low resistivity surface

l ayers formed after capped anneal diff2r from those of layers formed by

annealing in H2 wi thout protection. The low resistivity surface layers of

the capped annealed SI substrates are all n-type, while in the other case,

the l ayers are always p—type , as discussed earlier in this section . A

photoluminescence spectrum of a capped annealed sample measured at 25K

is shown in Fig. 23. As in the case of heat treatment in H2, this spectrum

has two main peaks and their phonon replicas. The near gap features are

almost identical in the two cases (see Fig. 20). This is probably due to the

fact that at 25K the donor level is not resolved from the conduction band .

The low energy peaks in the spectra of Fig. 20 and 23 are at different

positions. In the capped and annealed material (Fig. 23) this peak is at

1.361 eV. This energy is characteristic of a Cu acceptor .

The Cu impurity identified in the capped and annealed samples can

not be the main dopant because Cu is an acceptor , while the low resistivity

l ayers are n-type. One may speculate that perhaps Si from the Si 3N4 cap

diffuses i nto the GaAs , but this is rather unlikely because the Si 3N4 cap is

F usually nitrogen rich. Further experiments will be needed in order to identify

the cause of n—type conductivity .

In summa ry, a survey of heat treatment effects on SI GaAs

has been presented . The effects of heat treating SI GaAs samples either
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Boute 2299
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—

~~~~~~~ENERGY (eV )

Fig. 23 Photoluminesce nce spectrum at 25 K of a capped and annealed
SI GaAs sample. The spectrum was corrected for the spectral
response of the system.
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with their surface exposed to H2 as in epitaxial growth reactors, or

with a protective Si 3N4 cap as in post-implantation anneal have been

investigated. It has been shown that the effects of these two heat

treatment conditions are quite different from one another, p-type

surface l ayers being formed in one case, and n-type layer in the other.

Materials which show little resistivity change after heat treatment in

one case do not necessarily behave the same way in the other case. A

manganese acceptor has been identified as responsible for the p-type

conductivity of the low resistivity surface layers formed by heat

treatment in H2. Further studies are required in order to determine

whether this dopant is introduced by the annealing system, or if it is

present in the semi— insulating material and being activated by the

heat treatment.
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4.0 LIQ UID PHASE EPITAX IAL MATERIA L GROWT H AND CHARACTERIZATION

The liquid phase epitaxial (LPE) growth investigations under

this contract have , over a period of time , evol ved into three projects

i nvolving Stanford University , the Science Center , and Cornell University .

Stanford ’s work has had , since the i nception of the contract, the primary

goal of growing high resistivity (>iO~ ohm-cm ) epitaxial l ayers for

potential use as a substrate buffer for active device l ayers. Crucial

to achieving this goal was an understanding of the interactions between

the growth system components , the mel t bakeout temperature , the chemical

composition of the mel t, and subsequent impurity incorporation in the

l ayer. Based on the understanding of these interrelated factors,

Stanford ’s approach has been to control the chemical composition of the

mel t through a series of systematic bakeouts at a specific temperature and

to use Cr to help chemically and electrically compensate donar and

acceptor species . Layer exceeding resistivities of 106 ohm-cm have

been produced .

The Science Center ’s work addressed the probl ems of

growi ng ul tra—thin epitaxial layers directly on GaAs semi—insulatin g

substrates . Fie’,d Effect Transistors were used as the vehicl e to

access the quality of the layers , and the substrate-epitax ial layer inter-

face . From this work evolved a novel state-of-the-art growth technique
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incorporating a “restricted” mel t and a vertical temperature gradient.

Emphasis has been placed on demonstrati ng the uniformity and reproducibility

of this method . The LPE facilities at the Science Center have al so been

i nvolved in substrate annealing studies, and in ep~taxia1 growth for pre—

paration of samples for measurement of intrinsic material properties and

substrate interface effects.

The role of Cornel l Uni versi ty has been to develop LPE tech-

nologies for growth of buffered layer FET structures. This required approaches

different from those used at both the Science Center and Stanford . Acti ve

layers were grown in a more conventional manner to facilitate the incorp-

oration of buffer l ayer growth. The Cornell approach for buffers was to

use high purity undoped l ayers rather than high resistivity compensated

layers as grown at Stanford.

4.1 Preparation and Properties of Semi-Insulating LPE GaAs
Stanford University

The growth of high resistivity liquid-phase epitaxial (LPE)

GaA s layers requires close-compensation of shallow donors and acceptors

arising from residual impurities in the source materials and from chemical

reactions between the growth system components . Three different LPE growth

systems will be discussed . These in order of investigation are: Si02-C-H2,

Si02-BN(C)-H2 and S1O2-BN-H2 systems. It will be shown that the chemical

reactions in each of these systems can be control l ed by systematic bakeouts

of the arsenic—saturated gallium mel ts before each growth . Low bakeout

temperatures provide n-type layers while high bakeout temperatures give
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p-type layers , and a critical intermediate bakeout temperature , unique

to each system gives high resistivity l ayers with Na/Nd close to 1.

Once the optimum growth conditions are established , resistivities up to

5x106 ohm-cm can be reached by addition of Cr. The proper bakeout

temperature must be controlled within + 2°C in order to obtain reproducible

results. Characterization of the SI l ayers by measurement of transport

related properties and photoluminescence will be discussed . Transient

capacitance measurements made to study the interface properties of FET

type devices with and without LPE buffer l ayers will also be presented ,

indicating advantages of buffer l ayers for FET devices on SI GaAs

substrates.

Three different horizontal tilt liquid phase epitaxial growth

systems were used in this study . The features comon to these systems

are: The furnace, the temperature controller , the fused-quartz reactor

tube, and the high purity H2 atmosphere. The differences reside in the

materials used to construct the crowth cell. These in order of study

were graphite (c), boron nitride with graphite cradle BN(C), and boron

nitride wi th a fused-quartz cradle (BN).

The first system used shown in Fig. 24(a) consisted of a high

purity graphite growth cell (from POCO) floating on a liquid Ga reservoir

conta i ned in a graphite cradle. This system will be referred to as the

fused quartz-graphite-hydrogen (Si02-C-H2) system . In the second stage

of this study, a pyrolytic boron nitride growth cell was used in place of

the graphite cell. The BN cell (from Union Carbide), however, was still

placed in a grapnite cradleand this system will be referred to as the

fused quartz-boron nitride (graphite cradle)-hydrogen (Si0 2-BN(C)-H2)
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a .  Graphite growth cell and cradle

COOLING

THERMOCOUPLE
WELL

b.  Fused—quartz cradle

Fig. ~ The temperature gradient growth cells.
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system. In the third stage of the work , the graphite was completely

eliminated from the system. A fused quartz cradle (GE 204 quartz)

shown in Fig. 24(b) was used to replace the graphite cradle and this

system will be referred to as the fused quartz-boro n nitride-hydrogen

(Si02-BN—H2) system.

The time-temperature cycle of a typical growth procedure is

shown in Fig. 25. Six grams of Ga and about 2 times more than the amount of

GaAs source needed for saturation are baked out together in the growth system ,

without a substrate . This is done before each growth , at a prescribed tempera-

ture in the range of 600 to 850°C for 15 hours , as indicated from A to B in

Fig. 25. At position c the substrate is cleaned and loaded into the growth

room temperature . After the growth system is purged with H2 for at least

two hours the melt is then saturated at the desired temperature (700°C for

most of the growths). A temperature gradient is induced during warm-up

-ositi on 0) to insure that the As-saturated Ga mel t and substrate remain

at the same temperature . After 30 minutes at the stabilized saturation

temperature (E to F), the programer is turned on to provide a cooling rate of

4.5°C/mm . When the temperature of the melt is 1°C below the saturation

temperature (position 6), the furnace is ti l ted in order to rol l the As-

saturated Ga onto the substra te to start the growth . After the temperature

has cooled to 400°C, position H in Fig. 25, the furnace is cooled quickly to

room temperature . The grown layer is then unloaded from the melt. The

liquid Ga droplets adhering to the surface of the epi taxial l ayer are removed

by swabbing wi th a Q—tip soaked with methanol . The l ayer is then boiled in

HC1 and finally rinsed with methanol and isopropy l alcohol . Figure 26 shows the

cleaved and stained edge of an epitaxial layer as observed under an optical

microscope. The thickness of this l ayer is l4~m. As can be seen, the inter-

face is planar and the l ayer thickness is quite unifo rm.
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F— H: COOLING RATE = 4.5 °C/ mm
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\
400°C

I
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Fig. 25 Time-temperatur e cycle of the growth procedure for SI LPE GaAs
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F i g .  26 PHOTONICROGRAPH OF THE CROSS—SECTION OF AN LPE LAYER GROWN ON A
Cr-DOPED GaAs SUBSTRATE .
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To study the chemical reactions between the growth system

components and their effect on the electrical properties of the grown

l ayers, the growth system components , bakeout temperature of the As-satu-

rated Ga melt , saturation temperature and hydrogen flow rate were varied .

The effects of these growth conditions are discussed in the following:

1. Effects of the Bakeout Temperature

For a particular system, the electrical properties of the

epitaxial GaAs layers are controlled principally by the bakeout of the

As-saturated Ga mel t in the growth system. Bakeout temperatures are

typically in the 600-850°C range . During bakeout , impurities appear to

accumulate in the mel t from chemi cal reactions between the growth system

components. To study the influence of the bakeout emperature on these

reactions , the followi ng growth conditions were hel ~ constant:

(a) melt: As-saturated Ga with no intent i onal dopants .

(b) bakeout period: 15 hours before each growth .

(c) saturation temperature : 700°C (Except for the Si02-C-H2
system where the bakeout and growth temperatures are the

same).

(d) saturation period: 30 minutes .

(3) hydrogen flow rate: 0.6 i/mm for both bakeout and

saturation steps.

(f) cooling rage: 4.5°C/mm .

The epitaxial GaAs l ayers grown from Ga melts had reproducible

electrical properti es when identical growth conditions were used . However ,
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such reproducibility was reached only after systematic bakeouts of the

As-saturated Ga mel t and growths for an accumulated period of 50-100 hours

at each bakeout temperature, as shown in Fig. 27. This effect is believed

to be due to the removal of volatile impurities in the source materials

such as oxygen and sulphur , by extraction into the Ga mel t,and volatilization

into the 112 stream during the bakeout until steady state is reached .

The bakeout temperature has the most dramatic effect on the

free-carri er density as shown in Fig. 28. Low bakeout temperatures yield

n-type l ayers while high bakeout temperatures yiel d p-type layers . A

critical intermediate bakeout temperature , unique to each particular growth

system, yields high resistivity l ayers with the lowest free carrier density .

The transition bakeout temperatures for the Si02-C-H2, Si02-BN(C)-H2 and

Si02-BN-H2 systems were found to be 775, 700 and 675°C, respectively.

Optimum compensated epitaxia l GaA s l ayers grown in each of these systems

wi thout deep level impurity doping have room—temperature free carrier

densities of 2x l0~
4 , 9x lO ’3 and 3xl 0~

3cm 3 , respecti vely. The bakeout

temperature was usually controlled wi th an accuracy of + 0.5°C. However ,

a margin of + 2°C is sufficient in order to obtain reproducible results.

2. Effects of the Saturation Temperature

The saturation or growth temperature has a smaller effect

on the electrical properties of the layers than the bakeout temperature .

The saturation period acts as a short-term bakeout , since the temperature

is maintained for only 30 minutes preceding each growth . Table 5 shows ,

for the same bakeout temperature , the effects of the saturation temperature

on the electrical properties of epi taxial layers grown from the Si02-C-H2

and Si02—BN(C)—H2 systems .
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BAKEOUT TEMP. 675°C 
-
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.
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Fig . 27 Dependence of background donor and acceptor impurities on
accumulated bakeout time at two bakeout temperatures.
Growth system: Si02-BN -H2.
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BAKEOUT TEMPERATURE,T(°C)

Fig. 28 carrier density vs. bakeout temperature for three
different growth systems:
C: Fused quartz-graphite-hy drogen (Si02-C-H 2) system .

BN(C): Fused quartz-boron nitride (on graphite cradle)-
hydrogen (Si02-BN(C)-H 2) system .

BN: Fused quartz—boron nitride-hy drogen (Si0 2-BN-H 2) system .
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Saturation temperatures of 700°C and above, growths No. 809

and 1102 in Table 5 yi elded almost identical carrier densities . Lower

saturation temperatures~growths No. 104, 108 and 1109, yiel ded higher

carrier densities. This is believed to be caused by the temperature being

too low to decompose the oxide film which had formed on the mel t and to

remove the oxygen which had been absorbed in the Ga mel t and in the growth

system duri ng the l oading . Although saturation temperatures of 750 and

700°C yi elded nearly the same carrier density , l ayers grown at 700°C had

higher free-carrier mobilities at 77°K and lower total ionized impurity

concentrations, Na+Nd~ 
than those of the l ayers grown at 750°C. This

appears to be due to the lower segregation coefficient of impurities and

to the lower concentrations of impurities produced during the saturation

period at low saturation temperatures.

The above results show that 700°C is the most appropriate

saturation temperature for the growth of high resistivity LPE epitaxial l ayers .

Therefore, 700°C was chosen for most of the growths in this study.

3. Effects of H2 Flow Rate

The study of the effects of H2 flow rate on the electrical

properties was carried out in the Si02-C-H2 system with H2 flow rates in

the range of 0.6 to 1.2 ~/min. The electrical properties of epi taxial

l ayers grown from undoped melts baked out at 775 and 800°C under different

H2 flow rates are given in Table 6. The total ionized impurity densi ties

(Na+Nd) were obtained from the relationships between carri er mobility and

carri er concen tration. 38
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At the bakeout transition tempera tures (775°C), the layers

changed from n- to p—type when the H2 flow rate was increased from 0.6 to

1.2 ~/min . The total ionized impurity concentration increased from

3.lxlO 15 to 5x10’7cm 3. At 800°C, both layers were p-type, but both the

hole concentration and the total ionized impurity concentration were higher

for the highe r flow rate. It appears that high H2 flow rates tend to

enhance the chemical reactions between system components and the transport

of the reactants, mainly acceptor impuri ties , to the Ga melt.

The above resul ts suggest that the domi nant impurities in the

Ga melt wi th no i ntentionally added dopants are the products of chemical

reactions in the growth system. The incorporation and segregation of these

impurities at the liquid -soli d i nterface during growth are affected by

the growth temperature, the cooling rate and the concentrations of these

impurities in the melt. For most of the growths in this study both the

growth temperature and the cool i ng rate were kept constant. Therefore, the

concentrations of these impurities in the epitaxial l ayer are principally

rel ated to their concentrations in the Ga melt.

The cri tical role of the bakeout temperature may be due to:

(a) removal of volatile impurities in the source materials; and (b) intro-

duction of acceptor impurities , which are the products of the chemical reactions

between the growth system components , into the mel t and their subsequent

i ncorporation into the l ayer during growth. The concentrations of these

acceptor impurities woul d tend to increase with the bakeout temperatures.
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Therefore , at low bakeout temperatures , the acceptors introduced by the

bakeout ~.oul d be much less than the residual donor impurities , and the

layer would be n-type . Above the bakeout transition temperature there woul d

be more acceptors than residual donors making the layer p-type.

The identities and concentrations of electrically active

impurities in the epitaxial GaAs layers can be partially inferred from

photol uminescence data. The photoluminescence spectrum of a high-resistivity

(lxl O4 ohm-cm) layer grown from the SiO -BN(C)-H system measured at

2°K is shown in Fig. 29. From these data, the main acceptor impurities

present in the l ayer are identified as silicon and carbon . From the

relative intensities of the acceptor-to-conduction band transition peaks

(e, A°) due to Si and C , it appears that the Si concentration is hi gher than

the C concentration , and therefore, that Si is the dominant acceptor

impuri ty in the l ayers grown from the S102-BN(C)-H2 system.

The dominant residual donor appears to be related to oxygen.

For high temperature melt grown GaAs, oxygen is usually added to suppress

silicon contamination , and it introduces deep donors . However, studies

of oxygen dopi ng in LPE growth of GaAs 40 showed that oxygen behaved

differently in low temperature growths. Oxygen may act like a shallow

donor , as it is a group VI element wi th chemical properties similar to

sulphur , and it is possible that in the presence of a large Ga excess,

oxygen may substitute on As sites and gives rise to a shallow donor level .

Based on the overall bakeout and growth procedures, the im—

purities incorporated into the layer depend on three stages of interactions:
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Fig. 29 Photoluminescence spectra of acceptor impurity levels in a
SI LPE l ayer grown in a SiO 2.-B~(C)-H2 system . (e,A°):
Recombinatior~ of a conduction band electron with an acceptor-
bound hole. (D° ,A° ): Pair recombination .
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(a) chemical reactions be tween the growth system components , (b) dissolution

and formation of impurity complexes in the mel t , and (c) inco rporation and

segregation of impurities at the liquid -so lid interface during the growth .

Each of these interactions are kinetically limi ted, i.e. dependent on

time and temperature.

For the Si02-C-H2 system, the sources of C, Si , and 0 impurities

appear to be related to a series of chemical reactions between fused—

quartz, graphite and H2. Based on thermochemical equilibrium calculations ,

Mattes et al. 41 proposed a chain of chemical reactions which invol ved:

Reduction of fused quartz by hydrogen, oxidation of graphite by water vapor,

reduction of SiO by CO. reduction of CO by graphite , and dissolution of

Si and CO by liqui d Ga. A detailed calculation of the overall reactions is

difficul t because of their cyclic character involving mass transport of

several reactants between the reactor tube and the growth cell , and because

no thermodynamics data are available for the reaction of C in Ga solution.

However , it is possibl e to see qualitati vely that changes in the growth

conditions (i.e. bakeout temperature , time and H2 flow rate) can affect the

equilibrium bal ance of each reaction. At low bakeout temperatures the

reactions are slow and the oxides are more stable. Hence, there are likel y

to be more stabl e compl exes or electrically inactive centers in the l ayer.

At high bakeout temperatures the reactions are faster and many of the oxides

are reduced . Thus, there are likely to be more electri cally active centers

to change the carrier density in the layer. The H2 flow can shift the

equilibrium balance of the reactions , and a higher H2 flow rate will increase

the rate of mass transport of reactants to the Ga solution.
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For the S102-BN(C)-H2 system , with a graphite cradl e present

in the system, the above reactions can still take place . However, in this

system the less reactive BN growth cel l used to prevent the Ga mel t from

directly contacting graphi te reduces the C contamination. As graphite is

compl etely eliminated in the Si02-BN-H2 system, the reactions between the

system components are limited to reduction of quartz by hydrogen , reduction

of SiO by Ga, and oxidation of Ga by water vapor. Still , in each case

the rate-limiting reaction is clearly the reduction of fused quartz by

hydrogen . Therefore, the increases in acceptor concentration due to bakeout

seem to be of the same order of magn i tude . The differences in the bakeout

transition temperatures appear to be due to different values of background

net ionized donor concentration , (Nd - Na)~ 
in these systems.

The effect of adding Cr to the mel t will now be analyzed for

each growth system.

1. The Si02-C-H2 System

In the graphite cel l system, when 0.7 atm.% Cr was added

to the Ga mel t and baked out at 700°C , the electro n or hole concentration in

the layer increased for bakeout temperatures far from the bakeout transition

temperature on either side (see Fig. 30). However, for l ayers grown from

Cr-doped mel ts baked out near the transition temperature range , the carrier

concentration decreased sharpl y and the resistivity reached a peak of

300 ohm-cm when the Cr-doped melt was baked out at the transition temperature

of 775 °C.

The very large increase in carrier concentration at low bakeout

temperature is believed to be due to shallow impurities contained in the Cr

source which could be removed by a few hours of pre-bakeout at 800°C.
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2. The Si02-BN(C)-H2 System

For the BN cell in the graphite cradl e system, Cr doping

has very little e ffect at temperature s diffe rent from the transition - . 1
temperature (700°C), as shown in Fig. 31 , provided a one hour pre-bakeout

at 800°C is done after Cr is added to the melt. However, when 0.5 atm.%

Cr was added to the melt and baked out at the transi tion temperature

of 700°C , semi-insulatin g layers with resistivit ies higher tha n 1O 4 ohm-cm ,

were obta ined. The free carrier concentrations in these SI were l ower than

l011 cm 3. The electrical properties of these semi-insulating l ayers will

be discussed in more detail later.

3. The Si02-BN-H2 System

For the BN cell system, epitaxia l l ayers grown from Cr-

doped mel ts, baked out at the transitioii temperature (675°C), have carrier

concentrations in the range of 7x1012cm 3. The highest resistivity

obtained is 1.7x1 03 ohm-cm . The electrical properties of epitaxial l ayers

grown before and after doping wi th Cr are listed in Table 7.

This system produced the lowest free carrier concentration.

(
~ 3xl0~~cm~~). These Cr-doped epitaxial GaAs l ayers have high sheet

resistances , all exceeding l0~ ohms/D, and they are quite suitable as

FET buffer layers.

Note that in this system the addition of Cr had little effect,

reducing the carrier concentration only by a factor of 4. It appears that

under these growth conditions , there is limited i ncorporation of deep level

impurities due to the relatively low bakeout temperature.
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Fig. 31 Dependence of the resistivity of undoped and Cr-doped laye rs
on the bakeout temperature for the Si02-BN (C)-H2 system .
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An important conclusion from the study of Cr doping of LPE

high resistivity is that Cr is effective only at the critical bakeout

temperature of each growth system . The reason can be found in the low

segregation coefficient of Cr in GaAs which is “~ 3.6x10
7, at LPE growth

temperatures .42 It is estimated that 0.5 atrn.% Cr in the mel t lead to an

active Cr concentration in epitaxial l ayers of only ~ lxlO
14cm 3. The net

background donor concentration , (Nd
_N
a)~ 

must be reduced to less than

l014cm 3 before deep Cr acceptors can produce effective compensation. This

can only be achieved by systematic bakeouts of the Ga melts at the transition

temperature of each growth system.

The photol umi nescence spectrum at 6K of a SI Cr-doped LPE

l ayer grown in the S102-BN (C)-H2 system is shown in Fig. 32 and compared

with the spectra of Cr-doped bul k GaA s samples. All the spectra show

a broad peak at 0.83 eV attributed to the Cr-acceptor level . 16 One

difference, however , is that a peak appeared near 0.56 eV in the two bulk GaAs

materials , but it is hardly detectable in the LPE l ayer. The photol uminescence

spectrum of the LPE layer also show a sharp peak at 0.37 eV which has been
44

assigned to an Fe level . The spectrum of Fig. 32 confirms that Cr

introduces in the LPE SI l ayers the same deep acceptor l evel observed in

bulk grown material .

For an accurate measurement of the parameters of the high

resistivity LPE l ayers, it is necessary to take i nto account the conductivity

of the thick SI substrate . Therefore, a differential Van der Pauw technique

has been used to measure the electrical properties of some of the high

resistivity l ayers .
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Fig. 32 Photoluminescence spectra of a semi-i nsulating Cr-doped LPE
layer g rown i n the Si0 2-BN(C)-H 2 system com pared .~ith bulk
Cr- doped SI GaAs .
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Differential Van der Pauw measurements were made on two semi -

insulating Cr—doped LPE l ayers grown in the Si02-BN(C)-.H2 system, sampl es

No. 131 5 and No. 1 320. In Fig. 33 the conductivity , determined by differential

Van der Pauw measurements, is plotted against l/T for: a) sampl e No. 131 5

based on removal at a 3.5gm l ayer; b) sampl e No. 1320, based on removal

of a 7jim l ayer; c) the same sample based on removal of a second 3.5~m

layer; d) an undoped high-resistivity (
~ 200 ohm-cm) l ayer. The conductivity

of the Cr-doped l ayers showed a very strong temperature dependence while the

conductivity of the undoped l ayer (curve 0) remained almost constant in

the temperature range from 300 to 420°K. This indicates that for undoped

l ayers, the high resistivity is due to close compensation of shallow donors

and acceptors. The room temperature resistivity of sample 1 320 obtained

from the differential Van der Pauw measurements (curves B and C in Fij. 33)

is in the 106 ohm-cm range. This val ue is two orders of magni tude higher

than that obtained by simple Van der Pauw measurements ignoring the substrate

conductivity .

The a vs T data of Fig. 33 were fit to:

a(T) = (qN ~1i~f 2 ) ( N ~/ N~_ l )  exp [_ (Ea
_E

v )/kT] +

+ [2qN~/(N~/N~~l)] exp [~
(Ec~Ea)/kT] (g )

den ied from Eq. (4) app lied to a deep acceptor compensating a shallow

donor , as in the deep acceptor model of Sec . 3.2.1 (See also Fig. 3a).
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undoped high-resistivit y LPE l ayers .
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For the purpose of using Eq. (9 ) to fit the experimental data , the following

parameters were assumed : Ea
_E

v = 0.84 eV , me = 0.072 m0, n~ = 0.5

b = 
~e’~ e 

= 20, and Eg(T) = 1.522 - 5.8xl0 4 T2/(T + 300) eV.45 The

temperature variation of el ectron mobility , Pe(T) = 4.3xl07 T~~~
5cm2/V—sec ,

obtained from an n—type LPE sample (No. 1814), grown from the same melt as

the Cr-doped SI samples, was used. The calculated curves for o (T) are

shown in Fig. 33. Compensation ratios Na/NdI ranging from 1.4 to 2.6 as

indicated on each curve gave the best fits to the experimental data . The

excel l ent fit to the experimental data confi rms that Cr is a deep acceptor

in the Cr-doped LPE SI layers.

GaAs FETs fabricated using conventional epitaxial layers ,

grown directly on Cr-doped substrates , often show loopi ng in the drain

current-voltage characteristics. This has been attributed to the effects

of the deep l evel impurities near the interface . 46 Transient capacitance

technic~ues were used , therefore, to i nvestigate the interface properties

of active l ayers with and without semi—insulating LPE buffer layers. The

buffer l ayers were grown at Stanford while the acti ve layers were grown

separately at the Science Center .

Schottky barriers and ohmic contacts were made on two active

l ayers, one with a buffer l ayer (Sample No. 1323) and one without a buffer

l ayer (on a Crystal Specialties substrate , boule No. 2312). These n—type

acti ve l ayers were grown in the same run and had a carrier density of

lxlO 17cm 3 and a thickness of O.35~im. A step function reverse bias was

appl ied to the Schottky barriers and the depletion capaci tance variation

vs time under different initial bias conditions we”e recorded by an x-y
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recorder (Fig. 34). The distance between the interface and the depletion

region edge was adjusted by applying different values of reverse bias.

Without a buffer l ayer between the active l ayer and the sub-

strate (Sample XS23l2), when the bias was switched from zero to a reverse

value the capacitance decayed with a very long time constant , taking more

than 50 sec to reach a steady-state val ue (Fig. 34). This capacitance

decay phenomenon was more promi nent as the depletion region came closer to

the interface at the Cr-doped substrate . From the emi ssion time constant

vs the reciprocal of the measurement temperature (Fig. 35) , an activation

energy of 0.58 eV was obtained in the temperature range of 255 to 273K,

with a trap density of 10 16cm 3 near the interface .

Transient capacitance measurements made on a second acti ve

layer (No. 3x45Hb) also grown directl y on a SI substrate (Crystal Specialties

boule No. 2000), showed the same trapping level . In the temperature range

of 295 to 350K, an additional deep trap with an activation energy of 0.81 eV

and a trap density of 2xl015cm 3 was obtained (Fig. 35).

In contrast with the unbuffered samples , the sampl e containing

a buffer l ayer between the active l ayer and the substrate (Sampl e No. 1323),

showed no long time constant capacita nce decay when tested under the same

conditions. The capac i tance reached its steady-state value simul taneously

wi th the bias change (Fig. 34).

The sign of the capacitance change in the unbuffered samples

indicate s that both the 0.57 and 0.81 eV level s are hole traps. Since

there is no minority carrier injection at a Schottky barrier under zero
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bias conditions , there is no obvious mechanism for filling the hole

traps. Experimentally, however, this appa rent minority carrier trapping

was observed only when the depletion edge of the Schottky barrier closely

approache the epi—substrate interface. If one assumes an n-it junction

at the interface then the hole trapping can be explained. 47 Briefly,

when the edge of the Schottky barrier space charge region closely

approaches (i.e. wi thin a diffusion length of holes) the space charge

boundary of the epi-substrate junction then holes fl ow from the substrate

to the Schottky barrker junction . This flow of hole current reverse

biases the n-it junction making its space charge boundary in the epi-

layer approach more closely the Schottky barrier space charge boundary .

When the separation of these two space charge boundaries is reduced to

several Debye lengths in the epi-lay~r then the Schottky barrier space

charge width increases because the electron density between the space

charge boundaries is reduced . Thus the observed capacitance decrease is

due to hole emission in the it-substrate ma terial as it becomes reverse

biased.48

The above resul ts are a demonstration of the usefulness of a

buffer l ayer between the active layer and the Cr-doped substrate to

eliminate the effects of deep level impuri ties near the interface.

In sumary, optimiin growth conditions for high resistivity

undoped LPE layers were determined , the most critical parameter being the

melt bakeout temperature . The optimum bakeout temperatures for Si02-C-H2,

a Si02-BN(C)-H2 and a Si02-BN-H2 systems were found to be 775,700 and 675°C,
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respectivel y. With these bakeout temperatures , the shallow donors and

acceptors were very closely compensated , and high resistivit y LPE l ayers

with sheet resistance in the range of l0~ ohms/D were grown. Further

improvements were obtained by the addition of Cr in the Ga mel ts. Cr formed

a deep acceptor level . Addition of Cr produced semi-insulat i ng LPE l ayers of

up to io6 ohm—cm resistivity and l0~ ohms/D sheet resistance .

Interface properti es of FET LPE layers with and without SI

LPE buffer l ayers were studied by transient capacitance techniques . In the

buffered FET structure , no trapping effects were observed . In the unbuffered

devices, two hol e traps near the substrate interface , were found with acti-

vation energies of 0.58 and 0.81 eV. This indicates that SI LPE layers

can be useful as buffers to insulate the active l ayer from defects in the

Cr-doped substrate .

4.2 Submicron LPE Growth Techniques — Science Center

Problems relating to surface morphology , uniformity and

reproducibility have been the major stumbl i ng blocks to widespread use

of liquid phase epitaxy for growth of submicron thick l ayers for microwave

device applications. At the Science Center , these probl ems have been

addressed in developing a new LPE growth technique which has successfully

been appl ied to the growth of GaAs FET layers. The uniform i ty and repro-

ducibility of thickness and carrier concentration obta i ned with this

method represent the state-of— the-art in LPE growth technology .
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The embodiment of this LPE technique is best demonstra ted in

Fig. 36. This is a simpl i fied cross-section view of a graphite boat

taken through the melt compartment positioned as it would appear during

growth . The As saturated Ga mel t is confi ned to a thickness c~n the order

of lnin by a GaAs roof or ceiling . This configuration by insuring that the

solut ion remains saturated , resul ts in a much lower As gradient at the

growing interface , and greatly reduces convection currents in the melt. The

net resul t is a l ower, more uniform , and repeatable growth rate , as will be

shown . A temperature gradient normal to the seed crystal surface is created

by a flow of N2 cooling gas through a quartz box below the graphite plat-

form . Thi s gradient tends to localize the solid — liquid interface and

increase the nucleation density . 50 It will be shown that a gradient is

instrumental in obtaining smooth continuous l ayers of under 2500A in

thickness. The salient features of this scheme are thus: 1) A restricted

mel t, wi th 2) A GaAs roof, wh ich establishes an As boundary condition

close to the g row i ng i nterface , and 3) A temperature gradient.

Boat design is a highly important factor to the success of

growing reproducibly thin , uniform epitaxial l ayers with good surface

morphology . Shown in Fig. 37 is an exploded view of a precision machined

graphi te boat which incorporates the features which are found important

in liquid phase epitaxy . The bodt consists of a graphite slab with a sub-

strate recess and a three compartment slider which is held to the slab

with graphite rails. Al though this boat contains provisions for only two

melts , thi s system has been scaled up to six melt compartments with no

deleterious effects . The center compartment contains a u pl ug t of graphite
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Fig. 36 Schemati c representation of the restricted melt growth system
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Melt Cap ~~~~~~~~~~ Cao

GaAs Ceiling WiDer
for Restricted Melt I Unrestricted Melt

COMPARTMENT
Wiper

Slider 
GaAs Seed Crystal

Seed Platform

Side Rails

Side Rails

Fig. 37 Exploded view of LPE GaAs boat incorporating a restricted
and unres tri cte d mel t
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which resides over the slice during the growth saturation period . This

presents a thermal mass to the GaAs surface which more closely approxima tes

the thermal condi tion at the beginning of growth. The two melt compart-

ments on either side of the seed crystal have a lateral cross-section which

is considerably l arger than the seed substra te area. This is an effective

means to prevent edge build-up of epitaxial material ~ihich interferes with

dev ice photolithographic processing; it also results in uniform l ayer thick-

ness to the per ip hery of the wa fer edge. The melts are p rov id ed w ith

graphite covers to p revent the tendency of Ga to “ball” due to increased

surface tension at elevated temperatures . Our observations of epitaxial

growth from unrestricted melts in transparent furnaces lead us to the

conclus ion that for large area melts (approaching 1 in.) such a cover

is helpful in preventing nucl eation stripes which resul t from the un-

su pported melt “wiggling ” li ke a blob of “Jello ” on a flat pla te . When

assembled i n the growth system , a quartz “cool ing” box extends under the

enti re graph ite platfo rm. Nitrogen gas passed through this box draws heat

out of the bottom of the graphite slab effecting a vertical temperature

gradient normal to the substrate . The magnitude of the gradient is

controlled by the N2 flow rate . By extending the cooling box under the

ent i re  g raphi te p la tform , a flat lateral temperature profile can be

mainta ined while the vertical gradient is being imposed.

The boat design of Fig. 37 has the provision for both an un-

restricted as well as a restricted meal; the latter having a height , 2~,

determined by a machined graphite ledge on which the GaAs mel t ceiling

~ 
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resides . In order to quantify the term “restricted ” , the melt height , 2 ,

must be compared to the characteristic diffusion length L of As in

liquid Ga at the growth temperature . This is given by L J1i~~ where 0 is

the diffusion coefficient of As in Ga 51 and t is the growth time .

For the restricted case, £ < L, it can be shown that the As concentration

profile in the mel t in the vicinity of the seed crystal is nearly linear ,

as compared to a power law dependence for semi-infinite mel ts. 52 The

resul ting lower As gradient at the liquid-solid i nterface for the restricted

case resul ts in increased stability of the growth front, as well as l ower

growth rates . For restricted mel ts, the layer thickness is predicted to

be a linear funct ion of growth time ,while a three-halves power time

dependence is predicted for unrestricted mel ts.

Figure 38 shows the GaAs epitaxial l ayer thickness as a

function of growth time for both mel t configurations. All other growths

parameters were held constant. Note that the l ayer thickness follows a

l i near time dependence for the restricted melt , as predicted , while the

unrestricted mel t initially shows a t3”2 dependence. A departure, noted

for the unrestricted melt data past growth times of approximately 15

minutes , is bel i eved due to the onset of homogeneous nucl eation ii the

relativel y large mel t volume. Thi s phenomenon competes wi th nucleation

on the seed crystal, l owering the effective growth rate. Such spontaneous

effects are uncontrollabl e, resul ting in unreproducible l ayer thicknesses.

No such effects are noted for the restricted melts. This is expected due ,

in part, to the relativel y small mel t volume and presence of a GaAs

source crystal.

L 
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Fig. 38 Laye r thickness vs growth time for restri cted and semi-
infinite melts
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Using this system, l ayers as thin as 2000A have been repro-

ducibly grown . It has been determi ned that the presence of a temperature

gradient is extremely beneficial in nucl eating continuous l ayers wi th such

smal l thicknesses. This is demonstrated by the photomicrograph in

Fig. 39. This figure shows the morphology of three l ayers grown for

identical times , but with increasing temperature gradients . The gradient

clearly helps to increase the nucleation density resulting ul timately in

a smooth continuous l ayer. Use of a temperature gradient is instrumental

in growing l ayers of submicron dimensions.

In order to demonstrate the uniformity and reproducibility of

LPE growths in this system, a series of five epitaxial layers were grown

in succession with all parameters hel d constant. (One exception , l ayer

F8J51 , had a shorter growth time and is not shown in the following data).

The morphology of these l ayers is essentially featurel ess under Normarski

phase contrast microscopy and exhibits mirror-l ike surfaces to the unaided

eye as shown in Fig. 40. The carrier density and thickness of these wafer

was determined by conventional capacitance-vol tage profiling techniques .

Five points , the center and four corners of the substra te, were measured in

each case. Results are shown in Table 8. The deviation in carrier con-

centration over any one wafer, 4%, is within the estimated precision of the

measurement. The average val ue of Nd is repeatable from run to run within

6%. Deviation of thickness over single wafers varies from 4 to 11% , while

the repeatability is again about 6%. These tests may be slightly pessimistic

as the wafer edges are not necessarily representative of the average

characteristics across a given slice. A more realistic statistical evalu—

ation of the thickness uniformity of one of these layers, measured at 52

120
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points equally spaced across the entire surface of the 2.5 cm 2, wa fer is

given in the histogram in Fig. 41. A standard deviation of under 200A is

demonstrated .

To put these data in perspective for FET appli cat ions , the

product of carrier concentration and thickness is also shown in Table 8.

The Nd t product is a more real i s ti c property to mon i tor than ei ther Nd
or t as it is related to saturation current density in an FET device. The

product is also less sensitive to certain systematic errors in the capacitance-

vol tage measurement from slice to slice which tend to move the apparent

t and Nd resul ts in opposite directions . The uniformity of Ndt over sin gle

wafers is on the order of 6-l2~, wh i le the avera ge character i stics are

reproducible to wi thin 6%.

In suninary , it has been shown that use of a restricted mel t

with a GaAs boundary in conjunction with a vertical temperature gradient

has resul ted in a si gnif icant advancement of the state-of-the-art of

submicron thick l ayer epitax ial growth of GaAs.
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4.3 Growth of FET Active and Buffer Layers by LPE - Cornell University

Two areas of research were covered in this part of the

program at Cornell. The first area was means of obtaining smooth , control-

l ed-thickness submicro n GaAs FET l ayers by liquid phase epitaxy . The

importance of removing the residual surface oxide on the substrate to

allow wetting over the whole substrate at once , and the importance of

conf ining the growth rate to the range of 500A/min to l 000A/min to obtain

good morphology were key results . The second area was means of consistentl y

ob tain i ng high purity liquid phase epi taxial layers for use as buffer

layers to be grown on the GaAs substrate in sequence, just before the sub-

micron active layer is grown . Liquid nitrogen electron mobi lities of

160,000 cm 2/V-sec were consistentl y reached.

The purpose of the first part of this work was to study some

of the di ff icult i es i nvolved in the growth of the submicron layers requi red

for microwave FETs , the main probl ems bei ng achieving thickness uniform i ty

and reproducibility . It will be shown that in LPE these probl ems are

predominantly caused by nonuniform wetting, wh ich can be overcome by

tec hniques to be descr ib ed. Nons imul taneous wet ti ng i n the very begi nn ing

moments of grow th, wh i ch i s , i n general , cause d by a residua l or depos i ted

oxide l ayer on the surface of the substrate , results in non-uniform l ayer

thickness. In our experiments oxide l ayer formation is prevented by making

the system vacuum tight and lim iti ng the water va por content i n the reac tor .

Any native oxide and surface impurities present are imbedded in an inten-

tionally grown porous oxide l ayer and are removed when it is stripped off

with ~~ aqueous HC1 . Stripping just prior to placing the substrate into
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the boat allows us to start with an oxide-free surface . A source-seed

crystal is loca ted on the s l i d e r  forwar d of the main  su bstra te to assu re

precise saturation of the melt; only such saturation permits a uniform

growth rate over the total surface of the substrate. By following the

above techniques , submicron FET layers can be grow n by LPE w it h as good

thickness uniformity as by VPE and with significantly better reproducibility .

The reactor had a horizontal sliding boat inside a 64mm OD

quar tz tube heated by a three-zone resistive furance. The slider boa t

setup consisted of two pieces held together with precision graphite pins ,

w i th the upper part resting on the sl id er . This confi gura t ion allows

practically negligible clearance between the bottom surface of the upper

half and the substrate . The resul tant wiping action upon removal of

the substra te after growth eliminate s localized GaAs deposition from

Ga—rich melt droplets on the grown layers. This feature is of great impor-

tance in obtaining uniform thicknesses and a sharp , flat interface between

successive layers, in the case where a buffer l ayer is to be grown .

To achieve a flat surface , the saw damage was removed by

gently lapping to remove 5Opm of material from both sides , with 5pm

diameter grit. Then both sides were mechanically —chemically polished

with 1 part chlorox in 15 parts D.I. water , exerting a pressure of 200—400

gm on the material , and taking away at least 5Opm of material to a fina l

thickness of about 250pm. A chemical etch was done in H2S04:H202:H20

(5:1:1) at room temperature for 4 minutes before the substrate was loaded

into the reactor.
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As stressed earlier, wetting is the single most dominant factor

in achieving uniform submicron epitaxial layers . Once simul taneous wetting

on the surface is achieved it is then only a question of parameter selection

and control (growth rate, growth temperature and saturation technique) to

accomplish repeatable thickness. Any irregularities in the wetting during

the early part of the growth will have a magnified effect in the thickness ,

because the locally wetted areas of the mel t will be deficient in As

concentration relative to the non-wetted areas (where deposition does not

take place). This in turn allows a relatively longer growth time and

larger growth rate on the nucl eation centers, wi th a transverse surface

diffusion of As to the deposition sites near the interface.

Since better wetting is achieved when the reactor is leak tight ,

and since 1-1gb hydrogen flow rates also seem to improve wetting , one would

conclude that oxide deposition on the substrate surface prior to epilayer

deposition has responsibility in preventing uniform wetting.. The etch in

5:1:1 l eaves a thin oxide l ayer (about 30—50A) and does not remove some

organic based impurities . Experiments at 735°, 750° and 780°C have been

carried out to investigate the initial growth phase and the degree ,of

wetting . Shown in Fig. 42 is a layer grown at 735°C on a substrate which

had undergone a standard cl eaning process. Supercooling of 1/4°C was appl i ed

to initiate a downward temperature ramp and the substrate was quickly slid

under the melt , being kept there for 5 sec while the slope of the ramp
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Fig. 42 Photomi crograph (Nomarski phase contrast) of a l ayer
grown at 735 C on a substrate which had undergone only a
standard cleaning procedure

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

Fig. 43 Photomicrograph (Nomarski phase contrast) of a l ayer
grown at 735 C on a substrate that had undergone a porous
oxide-HC 1 treatment in addi tion to standard cleaning. Growth
parameters were unchanged from that shown in Fig. 42
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cooling was maintained at 1°C/mm . It is clear that the growth was only

initiated on small islands. There was not growth at all on most of the

substrate. Similar experiments (at 750° and 780°C) indicate that the

wetting becomes better as the growth temperature increases . This i ndi cates

that the residual oxide l ayer is removed during the relatively high tempera-

ture bakeout period and the transverse expansion of the nucleation centers

is aided by the faster growth rate.

In view of published resul ts on remova l of oxide l ayers, 54 56

means to improve the technique of removing the oxide l ayers (including the

native oxide) during the preparation phase were i nvesti gated . The best

results were achieved by growing an approxima tely l5QA amorphous and porous

oxide layer in room temperature DI water for 20 m m .  and uniformly removing

it in HC1 . The stripping process, which uses 50% aqueous HC1 for a minimum

of 5 mm , not only removes the freshly grown porous oxide l ayer but also

removes any residual native oxide along with much of the organic impurities

on the outer surface. A very quick DI water rinse is appl i ed and the sub-

strate is loaded i nto the reactor after the water is blown off with high

puri ty gaseous nitrogen . The substrate is not exposed to free air for more

than about 20 sec (gaseous nitrogen fl ow in the reactor is maintained during

loading as well).

In Fig. 43,a photomicrograp i of a l ayer grown at 735°C on a sub-

strate which had gone through porous oxide-HC1 treatment is shown . Growth

was initiated after a supercool i ng of 1/4°C and 5 sec growth time at a

cooling rate of 1 °C/mm was allowed . Notice the remarkabl e improvement in

the wetting; the l ayer is very uniform and nearl y feature less. Based on
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the growth parameters, the thickness is estimated to be below l5OA . The

same experiment has been repeated at 750° and 780°C. It can be condluded

that to achieve unifo rm sub-micron epilayers for FETs, the crucial “wetting ”

parameter can be controlled with porous oxide-50% HC1 process.

As pointed out earlier , once the wetting is controlled , the other

important parameters are the saturation of the mel t solution and the growth

rate. In the growth of thick l ayers such as Gunn diode l ayers, a

deviation of 1° —2°C in the saturation of the melt with As will have

a small effect on the final l ayer thickness since the total temperature

drop of around 20°C takes pl ace. By contrast , for the growth of submicron

epilayers , the total temperature drop can be as low as 1.5°C (780°C , w i th

cooling rate a = 1 °C/mm , supercooling ~T = 0). Therefore, it is clear that

one cannot afford any under- or over-saturation of the melt. The saturation

was studied by pl acing a polished source—seed crystal benea th the mel t

after a bakeout time of 2x (melt hei ght) 2/diffus ion coefficient dur ing

whi ch the temperature was kept practically constant. The source seed was

removed after 10 min ,and examination showed tha t a very non-uniform back-

dissolving occurred . Non—uniformit y can be caused by strains and imper-

fections in the bul k material but, nevertheless, it is very li~cly that the

bottom of the melt was undersaturated and in a non-uniform manner. There-

fore, it is necessary to have a source-seed crystal (first used by Dawson) 51 ,54

preceeding the main substrate to trim out the As concentration of the mel t

at the bottom . Only then can one achieve repeatable th i cknesses by cDntro l-

ling the growth rate on oxide-free substrates . The l ayers grown wi thout
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a source—seed crystal have thicknesses ranging from negative values (back-

dissolving) up the the intended values .

The growth rate is the third factor that is of vital conse-

quence to the parameters of the grown l ayer. Submicron l ayers with thick-

nesses of about O.2.um have been grown at temperatures of 780°, 750°, 735°,

and 700°C. The ramp cooling rate was in all cases a = 1 °C/mm and in

certain cases supercooling of ~T = 3°C was appl i ed . Our experiments show

that with high growth rate control over the thickness repeatibility

becomes poorer. Moreover, surface imperfections , such as cusps and undu—

lations become more pronounced . The growth rate has been calculated at

780°C inclu ding the temperature dependence of As diffusion coefficient and

is shown in Fig. 44 both wi th and without a supercooling of 3°C. It is

very clear that the difference between the two conditions is very large.

The much higher growth rates associated with supercooling place nearly

impossibl e requirements on the actual growth time , especially for sub-

micron l ayers. For example , a smal l hesitation of 2 sec pushing the slider

will mean about 2 sec of traveling time under the mel t and 13 sec of actual

stationary contact time (at 780°C with ~T = 3°C). During this 2 sec, about

15% of the total growth would take place causing steps in the thickness.

Experiments were done at 780°C with only ramp cooling (a =

1°C/mm ) observing considerable improvement in thickness control and surface

morphology . A further improvement in both occurs when a 0.2~im (or less)

thick l ayer is grown on the source seed and subsequently a O.2 i .zm l ayer is

~J , owls  vii .iie lila III ~~UU~ I.! 0 (.t .
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° 780°C
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*

10 00 l 000
GROWTH TIME (SECONDS)

Fi g. 44 Plots of growth rate at 780°C as a function of growth time
both with and without a supercooling of 3° C
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These phenomena can be explained by examining the As concen-

tration profile , the slope of which at the substrate-solution interface

determines the growth rate. Shown in Fig.45 is a set of calculated As

profiles vs segment number at 780°C. Segment number 0 corresponds to the

substrate-liquid interface at t = 0 and segment number 50 correspond s to

the opposite surface of the solution (the mel t height = 1cm); As profile

is calculated for each segment every 2 sec of growth time . Curve b shows

the As profile at the end of a O.25j.mi l ayer growth when a supercool i ng of

3°C was applied .~ The As profile at the beginning of the growth is much

steeper than at the end; even then , the profile is very steep, making the

thickness very hard to control . Curve a is the As profile at the end of

the growth of the O.22pm thick l ayer on the source seed with no super-

cool ing . The profile is not steep even during early growth because there

are no sudden excess As concentrations . Curve c is As profile at the end

of the 0.24i.~m layer grown on the main substrate (as opposed to the beginning

profile , curve a). It is clear that the As profile follows a very nice and

control l able variation from the beginning to the end. To still further

decrease the growth rate (and hence improve controllability), the growth

temperature was dropped from 780°C which had been the normal growth tempera-

ture down first to 750 °C , later 735°C , and presently to 700 °C. It was

possibl e to lower the growth temperature so much because with the HC1

treatment the substrates wet very uniformly even at 700°C.

Preliminary studies show that the layers can be grown more

rcpcatably at 700°C than at higher growth temperatures. The optimum dverdye
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T0 ’ 780°C
a I °C/rn ~

j d 0(~i .m) ~ T( °c)

ff a .224 0 00
// b .249 3 20

C/ c .462 0 160

2 4 6 8 0 50
SEGMENT NUMBER

Fi g. 45 Predicted As profile in Ga melt at the end of growth
with various growth parameters at 780°C. d0 rep resents the
grown l ayer thickness after a time inte rval t at a cooling
rate of 1°C/mm with and without a supercooling of AT

I
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growth rate to achieve minimum cusp dens’ty has been experimentally deter-

mined to be about 800A/min. The density of the cusps decreased considerably

(l05cm 2 at 780°C and 102cm 2 or less at 700°C), as wel l as timi ng errors, . 
-

because the growth rate was slower , taking almost 3 mm to grow O.2~tm

thick l ayers.

Thickness and doping profiles have been deduced from C—V

measurements. Illustrated in Fig. 46 is the measured doping profile of a

l ayer grown at 735°C using a source—seed crystal . Notice that the doping

profile is flat and the total thickness variation is small.

Layers wi th thicknesses ranging from 2 to 5~m have been grown

at 700°, 735°, 750°, and 780°C. The experimental thickness data have been

compared against numerical calculations , which i ncluded the temperature

dependence of As diffusion coefficient determined by Rode,51 and close

agreement wi thin measurement errors has been achieved . In Fig. 47, the

calculated thickness vs growth time at 780°C is shown . Four data points

with and without a supercool i ng are also shown . Two distinct methods of

numerical calculations were used to predict the thickness. The technique

reported by Rode 51 with temperature-dependent As diffusion coefficient

has been primarily used. The boundary conditions are identical to those

reported by him (zero excess As concentration at the interface and zero

spatial derivative of excess As concentration at the top of melt) . The

mel t height in our experiments is l Onin.

In Fig. 48 and 49, the same curves as those shown in Fig. 47

are repeated for 750° and 735°C, respectively. A thickness reproducibility

from layer to layer o-f ± 0.015;’m, and a thickness uniformity as low as
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Fig. 46 Doping profile of a l ayer grown at 735°C using a source-
seed crystal with no supercooling
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Fi g . 47 Thickness vs. growth t ime at 780°C , calculated (solid l ines) and experimenta l .
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~~~ 48 Thickness vs. g rowth time at 750°C , calculated (sol id lines) and exper i~lent al .
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Fi g . 49 Th ickness vs. growth time at 735°C. Calculated (solid lines) and experimental.
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4% over a portion of the layer that excludes the edge lip, can be

achieved with these techniques.

In summary, the controlled-growth mechanism and the factors

affecting it have been examined in detail for the growth of submicron

FET layers. Remarkably good agreement between theory and experiments

has been achieved . The temperature dependence of the As diffusion co-

efficient determined by Rode has been reaffirmed. It has also been

demonstrated that the slower growth rate (about 800A/min) at lower growth

temperature one can achieve reproducible submicron layers when any oxide

layer present is removed with aqueous HC1 , and the melt saturation is

trimmed wi th a source-seed crystal .

The second area of research was growth of high purity GaAs

buffer l ayers. It is convenient to grow these buffer l ayers on the semi-

insulati ng substrate in sequence just before the submicro n active l ayer

is grown, for the best microwave FET performance.

It has been shown that the sheet resistance of a buffer l ayer

shoul d be 1o6cui~ or higher to obtain minimum noise figure in microwave

FET dev ices .56 The noise figure in dB would be one thi rd higher for

In order to obtain such lO6cz/0 sheet resistance , elec tron

concentrations ranging from 1012 to lO 13cni3 are required. Such carrier

concentrati ons are achieved in vapor phase epitaxy by slowing down the

growth rate, so that a compensating , fast-diffusing acceptor is allowed

to diffuse i nto the buffer from the semi-insulating substrate. Such VPE

buffers would be n-type and range from 120,000 cm2/V-s - 200 ,000 cma/V_s

mobility at 77K if they were grown rapidly. In the liquid phase epitaxy
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to be described below , 160,000 cm2/V-s mobility at 77K is achievable

using a l ong baking time (24 hrs) at 700°C during runs from a given

melt. This yields less than lxl014cm3 electron concentration without

i ntentional compensation. Typically 1013 - l014/cm3 electron concen-

tration can be obtained easily by LPE by this method.

The approach here is different from that taken at Stanford

for growth of semi-insulating buffer l ayers (Sec. 4.1). At Stanford , it

was found that self-compensation of impurities ahd hence low net ionized

impurity concentration , occured after baking the melt for a l ong period of

time at a temperature characteristic of each growth system, which was

775°C for systems employing a graphite boat. A similar “notch” tempera-

ture has been observed at Cornell. However, the goal of Cornell ’s work

was to achieve low total ionized impurity concentration . This was best

accomplished by baking the melt for a relatively long period of time

during the saturation and growth cycle and by keeping the temperature

low, typically at 700°C, so that a lower concentration of impurities

were incorporated into the system. The loading , baking and growing

procedures are also different in the two approaches. At Stanford , the melt I
is baked for 15 hours at the notch temperature , so that the impurities in

the mel t became chemically compensated. The system is then cooled down ,

the substrate is l oaded, ‘nd the l ayer is grown after a 30 minute bake to

resaturate the melt. The saturation and growth time are i ntentionally

kept short compared to the 15 hour bakeout, so that the melt compensation

is not si gnificantly disturbed . Furthermore , the melt is shielded by a

GaAs crust during the growth cycle. In the high purity approach taken
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by Cornel l and described here, exposure of the boat and melt to the

atmosphere during substrate loading requires a long bake to remove CO

and other contaminants through and around the melt. This is done in a

slightly unsaturated condition , so that there is no crust on the melt

which might trap volatile impurities . The l ong bake purges the melt of

impurities unti l a low equilibrium level is reached.

The main precautions required in order to repeatably get the

limiting LPE purity with graphite boats and pure H2 gas flowing in a

quartz tube can be sumarized in ten rules:

1. Bake the boat in vacuum at 1400—1500°C until the pressure

drops.

2. Clean the quartz tube in aqua regia.

3. Bake the boat in H2 at 850°C.

4. Bake the boat in H2 with a discardable Ga melt at 800°C.

5. Bake each melt in a slightly undersaturated condition (12 hrs

750°C, 24 hrs. 700°C) each run. Use of a glovebox to avoid

exposure of the boat and melt to the atmosphere during sub-

strate loading might reduce the required baking time .

6. Bake melt at temperature above the mel t oxide formation

temperature in 700°C gor Ga in graphite .

7. Use source GaAs material with high mobility (over 7000 cm2/V-s).

8. Keep the 1120 partial pressure low (lppm at 750°C and .5ppm

at 700°C are limits).
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9. Keep the exposure of the boat and melt to the atmosphere

at a minimum (only a few minutes).

10. Keep the boat and mel t in H2 and as hot as possible (bake over

780°C to recover purity if in cold H2 for days).

Numerous l ayers with thicknesses ranging from 5 to l 5pm have

been grown at 750, 735, 700 and 665°C to i nvestigate the dependence of

background impurities on the baking and growth temperatures . The thick-

ness uniformity across each layer surface was better than 15%. No

noticeable meniscus lines or terraces have been observed , but there

were a very few isolated cusps. The etch pit density on the surface of

the buffer l ayer was always l ower than that on the substrate . Usually

there was about a 5:1 reduction for thin buffer l ayers, but for thick

buffer l ayers there was nearl y a 10:1 reduction in etch pit density .

Although generally only the buffer layer was grown , the presence of a

melt doped with Sn and growth of an active l ayer did not noticeably

change the net donor concentration in the buffer layer. The growth of

buffer l ayers at temperatures as low as 665 °C is possi b le because the

aqueous HC1 treatment of the substra te prior to loa ding yi el d s very un i from

wetting . A strong correlation between the total impurity concentation

and both baking time between the runs and growth temperature has been

observed.

In table 9 through 11 are the electrical properties of l ayers

growh at 750, 735 and 700°C. The total ionize d impur i ty concentration vs

bakin g time is plotted in Fig. 50 for each growth temperature . As can be

seen from the tables and Fig. 50, each time the reactor is opened for
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fig. 50 Total ionized impurity concentration versus bakin g time .

147

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

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



~ -..— ------ .—_--
~

_----.----_ - ., .. 
______

SC5017.17FR

loading , additional impurities are int - udw ~~d and trapped ins ide.  It

takes between 10 hs of baking at 750°C and ~4 hs of baking at 700°C to

outgas most of these impurities. The impurity concentration drops off

rapidly wi th baking time before reaching equilibrium . Note tha t here the

final total ionized impurity concentration after long bakeout depends on

the bakeout temperature and the growth temperature , while for growth of

semi-insulated buffer layers (Sec. 4.1) the fi nal net ionized impurity

concentration depends on the bakeout temperature only. The difference

stems from the fact that here low free carrier concentration is achieved

only by lowering the total impurity content , while in semi -insulating

layers , it is achieved mainly by compensation.

The only extraneous components present in the reactor are C

(graphite), H2, Si0 2, 02 and the impurities in the orig inal Ga and source

GaAs . Mass spectrum anal yses done by the manufacture r i ndicate that the

impurities in Ga are minor , particularly considering the distribution

coefficients of such impurities at the growth temperature employed .

Thus a chemical reaction between the growth components is bel i eved to be

responsible for contaminati on of the l ayers.

Hicks and Greene58 have grown very pure l ayers in a high

purity quartz (Spectrosil) boat. In such a system, graphite is eliminated ,

so one need not consider C impurity . Hicks and Greene analyzed the thermo-.

dynamics of the chemical reactions and found a theoretical expression for

Si contamination from the quartz walls and the boat. By growing with such

a system, Hicks and Manley 59 have reported the highest mobility l ayers

ever grown . In addition , they observed a reduction in Si contamination

wi th increasing water vapor content. The only significant difference
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between this latter apparatus and ours is the porous graphite boat. This ,

therefore, suggests the possibility of direct C contamination. But , this

can be ruled out by our measured dependence on between-run baking time ,

which also implies that the role of introduced 02 is crucial . To check

this supposition , a test l ayer was grown with two 15 hs baking cycles at

700°C separated by a 5hs cool period , but without the reactor being

opened to air. Performance of this l ayer exactly duplicated that of one

grown under the same conditions wi th a continuous 30 h baking time . Our

tests suggest that the 02 somehow transports C to the mel t in the form

of CO. This effect could be reduced by using vitreous carbon. Unfortu-

nately, the vitreous carbon cannot be machined into a sliding boat.

Experimentally determined equilibri um values of total donor

density (Nd) plus total acceptor densi ty (Na) at 750, 735 and 700°C are

presented in Fig. 51 as a function of reciprocal temperature. The Si

contamination calculated by Hicks and Greene58 for 0.5ppm water vapor

content and the difference between this curve and our resul ts are al so

shown . This di fference is probably caused by carbon forming CO at the

growth temperature being used. The carbon hypothesis is supported by

Mu ll in ’s detection ,6° using photoluminescence , of a major acceptor

line in GaAs grown in a graphite boat.

If the Nd + Na line in Fig. 51 is extrapolated to 665°C

(dashed line), one woul d expect a value of 8x10’3cm 3 for Nd + Na and

200,000 cm2/V—sec for the mobility at 77K. However, as shown in Tabl e 12 ,

the layers grown at 665°C have exhibited mobi lities of 91 ,000 cm2/V-sec

or l ower at 77K. The discrepancy is believed to be caused by the tempera-

ture not being high enough to decompose the thin oxide crust on the melt
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top surface, which confines the impurities inside the melt. adsorbed

by the porous graphite boat during loading, and present in the reactor

due to Si02 dissociati on , is responsible for the formation of this oxide

crust. Shaw61 has shown that such an oxide layer decomposes in H2
atmosphere at temperatures above 700°C in agreement with out observations .

In order to try to break this oxide layer, an epitaxial l ayer (TMLO235O1 ,

see Table 12) was grown at 665°C after baking the melt a t 750°C for

6 1/2 hs and at 665°C for 18 hs, but the resulting impurity concentration

was still high . In addition , a l ayer grown at 700°C (LD 052601, see

Table 11) from a melt del iberately covered by a GaAs crust at the growth

temperature showed very low mobilit y . One therefore infers that the melt

should “breeze” to outgas the volatile impurities . More experiments

need to be done bel ow 700°C to be conclusive concerning the proper procedure

to avoid the oxide layer difficulties.

In sumary, GaAs grown by LPE in a graphite boat has been

shown to be n type if the melt has been baked between runs in a H2
atmosphere for sufficient time . After baking for 10 hs or more at 750°C,

mobi lities of 105,000 cm’/V-sec at 77K were repeatabiy a~h1e~ed. Aftcr

baking for 24 hs or more at 700°C mobi lities of 163,000 cm2/V—sec at 77K

were repeatably obtained. Below 700°C the impurities are not purged

from the melt due to the presence of an oxide l ayer on its surface. The

presence of a melt doped with Sn does not seem to cause any difficulties in

maintaining high mobilit y in the buffer l ayer. Therefore, uniform submicro n

active layers for FET devices can be grown imediately after the buffer

layers in the same operation.
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In ligh t of Stanfords ’ success in l owering the net free

carrier concentration by Cr-doping (Sec. 4.1), it may be possible to

use Cr—doping in order to obtain n-type material with a net free carrier

concentration lower than 1014cm 3 by the technique s presented in this

sec tion.
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5.0 ION IMPLANTATION AND ION BEAM ANALYSIS

Our ion implantation work has been concerned wi th the doping

achieved by implantation of the n-type dopants S, Se and Te in GaAs at low

and high doses. The purpose of the low dose implantation work was to attain

the capability of producing n-type l ayers on semi-insulating GaAs which

were su i ta b le for FET fabrication. Both S and Se have been used as dopants

for this purpose and FETs have been fabricated from many of the n-type l ayers

produced by low dose implantations . The electrical profiles resulti ng

from low dose imp lants direc tly into semi-insulating substrate materials

are sensitive to the quality of this substrate material . The question of

substrate qual i fication tests and the reproducibility of Se implantation

results in good substrate material is discussed in Sec. 5.1. In Sec. 5.2

the results achieved with high dose Se and Te implantations are presented .

This work has demonstrated that it is possible to use impl antation to achieve

doping levels which will be quite useful in reducing the contact resistance

to devices such as FETs. Our work with S implantation is discussed in

Sec. 5.3. While the dopi ng efficiency obtained wi th S implanta tion is l ower

thanwith S or Se, it appears to be useful for applications requiring doping

to depths beyond those which can be achieved with Se or Te. In order to

achieve good activation of high dose n-type implants , it seems to be

necessary to carry out the implantation at an elevated temperature . We

believe this requirement is associated wi th preventing the formation of

amorphous l ayers during implantati on. Some work has been carried out on

the recrystallization of amorphous l ayers on GaAs in an effort to determ i ne
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whether or not a hot implantation for high dose implants could be avoided.

This work is described in Sec . 5.4. Finally, in Sec . 5.5, ,iork using ion

beam analysis methods to study the processes which occur when Ni -Au -Ge or

Pt-Au-Ge con tact metal i zations are alloyed on GaA ’~ is discussed.

5.1 Reproducibility of Low-Dose Se Implants - Science Center

In order to employ ion implantation into semi—i nsulating (SI)

GaAs substrates for device fabrication , it is important that the doping

produced by implantation not be affected by changes in the substrate . In

addit ion, in a planar device technology , i t  i s essent ial that  un i mp l an ted

portions of the substrate do not become conducting during post implantation

annealing so that device isolation will be maintained. Two tests have been

employed in order to determine whether or not SI substrate material was

suitable for ion implantation doping. One test invol ved annealing a capped

sample at the temperature used for the annealing of implanted samples. A

seco nd test ut i l ized i- rn bombardment with an inert gas to simulate the dis-

order introduced during the implantation of the dopant. The bombarded

sample is then capped and annealed at the same temperature as is used for the

annealing of doped samples (usually 850°C). The test without ion bombard-

ment is analogous to the heat treatment test used tc- evaluate substrate

ma terial for epitaxial growth (see Sec. 3.2.4). The test i nvolving ion

bombardment is more severe but appears to be essential in determining whether

or not substrate material will yield reproducible implantati on results .

Good reproducibility of implantation doping profi l es was found

when the implantation was done into substrates which remained semi-insulating
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after both types of qualification test described in the preceeding paragraph

(to be referred to as “good” semi—insulati ng GaAs). Figure 52 shows pro-

files obta ined for low energy Se implants into two samples from each of 5

different boules of good SI GaAs. The annealing was carried out at 850°C

for 30 mm using a reactively sputtere d silicon nitride cap (see Sec. 5.2).

The maximum doping leve l and the thickness of the doped layer are repro-

ducible within ÷ 10%. Se implante d l ayers on qualified SI substra tes have

been extensively used in the fabrication of FETs . The properties of these

FETs are discussed in Sec. 6.1 .

Material from some boules of semi-insulating GaAs was found to

be incapa ble of passing either qualification tests . Resul ts for samples

from three different boules of “bad” material are summarized in Table 13.

Th is material showed n—ty pe conducting l ayers following either the heat

trea tment or the bombardment test . Boule number 213 2, which exhibite d the largest

change , was material specially prepared to have a very high Cr content

(approximately 5xl017 cm 3). The conductivity of the n-type l ayers formed

during the annealing test is somewhat higher in the Kr bombarded samples

than in those which received r~o bombardment prior to capping aud anueaiing .

Electro n concentra tion profiles results obtained from Se implants into some

of this “bad” ma terial are compared with profiles obtained by im p l a n t a t i o n

i nto “good” SI ma terial and into a low electron concentration epitaxia l

layer in Fig. 53. The doping level for the sample from boule #21 32 is much

hig her than that for any of the other sampl es. Since the SI material

normall y used for implantation does not contain the very high Cr level of

this ma terial , this result will not be discussed further . The profiles
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Se IMPLA NTATION PROF I LES

ioh7 _~~~ I

-V

-

Energ y~~40O keV

Dose = 1.8 x 1012/cm 2 -

Implant I 350°C C’

0 . E
Anneal 850 - 30 mm .~i

C
Boule Nos

1903
2000 ~~io b6 

— - -

2004 0

2109 a - T
2440

~1

H

N = 8. 2:O. 8x1O’°cm~~ L \\\\\\
X at 7~~ o Of N = 210O±10O~. I \ \~\X at 1~~ of N 3125 245~ 

. 

1 0
DEPTH (~m~

Fi g. 52 Electro i concentration profiles f c Se i iiip lants into “good” semi-
insula ting GaAs substrates .
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Ta ble 13

Cr -Doped GaAs Samples Annealed at 850° C fo r  30 M m .

Without Implant l.8x 10 12 -400 keV Kr ions/cm 2

p5(Q /D) N5 (cm~~) p~(c~/E~ N5(cm~~)

2132 - 1500 482 4.2xl0~
2

2299 2250 5xlO~ 1 500

2312 1220 lxl0 ’2

8Typical Good Material 6x 10
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I I I I I T
— \ ‘-—---High Cr

- 

Bad Semi~insulatinq
- Typ ica l -

Good Semi-insulatin g

~~~

\ :
Epi

I i i  I I I I
0. 1 1.0

DEPTH (tim)

Fig. 53 Electron concentration profiles for various GaAs substrates
implanted at 350°C wi th l.8xl012 400 keV Si ions/cm and
annealed at 850°C for 30 mm w ith a silicon nitr ide cap.
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for impla n ts into good SI material and into the epitaxial l ayer are seen

to be quite close to each other. The profile for the implant into the bad

semi-insulating material taken from boule #2312 has a maximum electron

concentration which is similar to the other two samples , but it exhibits

a prominent and undesirable deeply penetrati ng tail. This deep tail was

typical of resul ts obtained when implanting into samples from “bad” boules

#2312 and 2299.

The resul ts of these implant quali fication tests

for material from a given boule are different from the results of the

qualification tests employed for epitaxial growth (see Sec. 3.2.4). In

particular substra tes #2299 and #231 2 seem to be suitable for epitaxial

growth , whereas they were not suitable for implantation. The reasons for

these differences and the mechanisms for the production of the n—type l ayer

observed in the implantation qualifica tion test are not clear at present.

One correlation has been observed. All bad material has been from boules

wh ich were regrown or pre—reacted. All the material tested which was from

boules grown di rectly. from the elements has been found capable of passing

both qualification tests. However , not all the regrown or pre-reacted

ma terial has been found bad. One case has been observed in which pre—

reacted material passed the qualification test which did not involve ion

bombardment , but not the Kr bombardment test. Data for 300 keV Se implants

into material from this boule (#2917) and into a sample from a good boule

(#2440) are compa red in Fig. 54. The profile for the sampl e from boule 2917

shows a tail which penetra tes more deeply than the profile for the sample

from the “good” boule 2440. Another special case is that of boule #3183,

also pre-reacted , which was found to pass both qualificat ions tests . The
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I I I I I I

2917
— .— 3183

— — — — 2 L~ O -

—

~~~~~~~~~~~

1o17

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

S
k

io16~ I I I
0,1 l ao

DEPTH (pM )

Fig. 54 Comparison of electron concentration profiles for 300 keV Se
i mp lan ts i nto SI su bs tra te mater i al from three di ffe ren t boules .
T he pe rformance of these boules in qua li f i cat i on tes ts i s di scusse d
in the text. The dose was 3x1012 ions/cm 2 for 2917 and 3183 and
3 .l5xl 012 ions/cm 2 for 2440 .
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electron concentration profile for a Se implant into this material was

found to be very similar to that for the implant into a sample from the

“good” boul e 2440 , as shown in Fig. 54. This is the only case out of 8

boules of pre—reacted or pre—grown GaAs tested in which the material was

capable of passing both qualification tests. Therefore, there seems to be a

strong tendency for regrown or pre-reacted material not to be suitable for

ion imp lantation , though this does not occur 100% of the time . The resul ts

ob ta i ned on material from boul e 2917 i ndicates that the Kr bombardment test

is essential in identifying material which will show reproducible dop ing

by ion implantation . Failure to pass the Kr bombardment test w i ll proba bly

mean that do p ing profiles will show deeply penetrating ta i ls wh i ch are

undes i rable for many device purposes .

5.2 High Dose Se and Te Implantation - Sci ence Center & Caltech

The maximum electron concentra tions which have been achieved

using Se or Te implantation have been significantly greater than those

obtained using S implantation. The S results will be described in Sec. 5.3 .

This section of the report contains a description of the results obtained

for high dose Se and Te imp lants , includ ing the dependence of these resulfc

upon the material used for the protective l ayer or cap to prevent dissociation

of GaAs during post-implantation annealing . The semi-insulating substrate

material used in this work has passed both the qualification tests discussed

in Sec. 5.1. Carrier concentration and mobility profiles are presented for

both Te and Se implanted samples annealed under different conditions and

implanted wi th different doses. Data on the dose dependence of the doping

efficiency , as a function of anneal temperature for Se implants are presented ,

and some photoluminescence results obtained from Se and Te implanted

samples are discussed .
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Impl antation substrates used in this work were < 100 >

oriented and were obtained from polished semi-insulating GaA s wafers

sup plied by Crystal Specialti es. The polished samples were cleaned in hot

acetone and etched in 3:1:1 sulfuric acid: hydrogen peroxide: water for

approxima tely 2 mm before implantation. A ’l implantations were carried out

at a temperature of 350 °C and were usually performed at an energy of 400 key .

Sampl es were tilted so that the Te beam was incident at about 10° to the

<100 > direction in order to minimize axial channeling, but no particular

care was taken with the planar alignment of the sampl es in most cases .

Post—im plantation annealing was carried out in the temperature

range between 750 and 900°C with the i mp lante d surface of the sam ple covered

with a si l icon nitride or an al uminum oxy-nitride l ayer to prevent d is-

sociation of the GaAs during anneal ing or a special capless annealing

technique was used. Silicon nitride films about 2500A thick were deposited

by rf reactive sputtering of a silicon target in 1 00% nitrogen gas at a

pressure of about io 2 Torr and at a power dens ity of ap p rox imately

3 watts /cm2. The deposition reate was approximately l OOA/min , and the

target to substra te distance was 5 cm. Hel i um i on backsca ttering measure-

ments perfo rmed on a number of s i l icon n itride layers deposited in this

manner on car bon subs trates i ndicate that the nitride layers were sl ightly

ni trogen rich with a nitrogen to silicon ratio of about 1.5. The oxygen

content was usuall y found to be about 2-3% of the nitrogen content. The

density of the l ayers was determined by using the backscattering data and

thickness measurements made by ellipsometry techniques. The results

showed densities as high as 3.1 grams/cm3.
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Silicon nitride layers deposited on implanted GaAs samples usually showed

good adherence during anneal i ng of the sampl es to temperatures as high as

950°C.

The aluminum oxy-nitride films were approximately 3000A thick

formed by rf sputtering of an A1N target in argon gas at a pressure of

10-2 Torr and a power density of 2.7 watts/cm2. The gap between target and

substrate was 5 cm and the deposition rate was approxima tely l 50Nmin.

Helium ion backscattering measurements made on films deposited on carbon

substrates showed that the oxygen content of these films was approximately

82% of the nitrogen content. Due to the high oxygen content, we refer

to these films as “aluminum oxy-nitride ” rather than “aluminum nitride .”

A capless annealing technique , developed under our IR&D research

program62 has been applied to the annealing of samples implanted with high

Se doses. In this capless annealing process , a thin layer of crushed GaAs

is placed in the bottom of a graphite boat followed by a thicker l ayer of

fi nely pulverized ul tra—hi gh purity graphite . After a suitable baking cycle

in which the graphite powder is presumably saturated with As , the GaAs slice

to be annealed is embedded in the graphite powder and heated to the desired

anneal temperature in palladium purified H2.

After annealing and removing the silicon nitride or aluminum-

oxy-nitride l ayer in HF , if a cap was used , a Van der Pauw pattern was

etched into the surface of the sample using standard photoresist techniques.

Contacts were made by alloying Au-Ge-Ni dots at a tempera ture of about 450°C .

The deposited contact layer was 12% Ge on Au covered by a thin Ni l ayer.
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Electron concen tration and mobilit y profiles were determined by using an

anodizat ion—stripping technique together with sequential Hall coefficient

and resistivity measurements . The anodization technique has been developed

at an earl ier stage of thi s contract . 63

The sheet electron concentration for a number of Te or Se

implanted samp les annealed with eit her a sil i con nitride or an aluminum-

oxy—nitride cap is plotted as a function of implanted dose in Fig. 55.

It can be seen in this figure that the doping efficiency (ratio of sheet

electron concentration to im planted dose) decreases with increasing dose

for both Te and Se implants . However, at a given dose and for a given

annealing ca p, the do ping efficienc y is lower for Te i mplants than it is

for Se implants . It can also be seen that for samples annealed at 900°C

the doping effici ency was higher for both Se and Te implanted samples when

an al um inum-oxy-nitride cap was used than it was when a silicon nitride cap

was used . The contrast in resul ts using silicon nitride or alumi num-oxy-

nitride caps is also illustrated in Figs . 56 and 57 which show electron

concen tration and mobility profile data for samples implanted with lx lO ’4

Te or Se i ons/cm~ and annealed using one of these two materials for the cap.

In bo th cases , the maximum electron concentration was higher when an

al uminum-ox y-nitride cap was used. For a given cap, the Se imp lan ted sam p les

exh ibi ted a hi gher peak electron concen trat i on than di d the Te i mp lante d

samples. The el ectron mobility for both Te and the Se implante d samples

was hi gher when the annealing was carried out wi th an aluminum—oxy-nitride

ca p than when it was carr i ed out us i ng a sil i con ni tride ca p .
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Fi g. 55 Sheet electron concentration vs. implant ed dose for 400 keV Se and
Te implants carried out at 350°C. Annealing conditions for the various
samples are indicated on the figure .

166

- 
~~~~L ~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _  ~~~~
. 41



SC5Ol7 .17FR

• I I • I

400KeV Si implants at 350’C
Dose: I x I O’ /cm2
Anneal: 900’C ~Omm
• ALN cop

— 
o Si3N4cap,

~ I9 _ —

C

0
I-

I—z
w

17Z I O  LSS The~ y
g : 1 x1014/crn2 :

C.,

w -

>

< l O ’6 E - l 0~~
c.

-
° :

o
I I t I i I I t

0 0.1 02 0.3 0.4

DEPTH [,um]

Fi g. 56 Electron concentration and mobility profiles for semi-insulating
GaAs samples implanted with 400 keV Se ions at 350°C to a dose
of lxlO 1~ cm2 . Anneal ing was carried out at 900°C for 10 minutes
with the annealin g cap indicated on the figure .
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Fig. 57 Carrier concentration and mobility profi les for Te implan ted samples
anneale d wi th diffe rent caps.
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Electron concentration and mobility profiles for samples which

were imp lan ted wi th diffe rent doses of 400 keV Se ions an d we re annealed

at 900°C using an aluminum —oxy- nitride cap are shown in Fi g. 58(a).

The doping extends to depths which are somewhat greater than the profile

for the imp lante d Se p red i c ted from LSS range pa rame ters . 64 This is

p robabl y due to diffusion of the implanted Se during post -implantation

annealing . For doses between 3xl0 13 and 5xl 014 ions /cm2, the profile

exh ibits a peak near the projected range of the implanted Se (l3JOA)

and the max imum electro n concentrat i on rises wit h t he i nc reas i ng Se

dose. For these doses the electron mobility at depths beyond he peak

dop ing closel y approaches the values of Sze and Irv in 65 for uncom pensa ted

GaAs , as shown in  Fig. 58(b). Near the surface the mobility is l ower for

a given electron concentration than it is at depths beyond the peak.

T h i s  is the reg ion which was most heavily damaged during implantation.

These data suggest that there are defects remaining in this heavily damaged

reg ion , but at greate r depths the GaAs is almost uncompensated. For the

two h ighe r doses of lxl&5 an d 2x l0 15 i ons /cm2, the pea k i n the electro n

concentration occurs at a depth considerably beyond the projected range of

the implanted Se. The electron concentration in the vicinity of l370A

is appreciably bel ow that for any of the other doses for which data are

shown . This may be due to the presence of dama ge which was not remove d

by the 900°C anneal. The data in Fig. 58(b) for a dose of 2xlO ’5 ions /cm2

also suggest the presence c-f defects , since the mobility at a given

el ectron concen tra ti on i s a pp rec iably lower than for the lowe r dose

implants .
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Fig. 58a Electron concentration and mobility profiles for semi-insulating
GaAs samples implanted with 400 keV se ions at 350°C to the
doses indicated on the figure . Annealing was carried out at
900°C for 10 minutes using an aluminum oxy-nitride cap.

170

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .. .~~~ 

______ _____



- .-~ ..
_ _

- - - - - -  -- —-

SC5 O1 7. 1 7FR

It  I

_ _ _ _ _ _ _ _ _  /c.’j c-’-J C.-,J C’J II , /~ 
.
‘E E E E ,fl . I

w .1~~ -~z? .5~:? .0
U’ c’r\ •~ • ~ I/I , /

- C — _., .—~ — , I I ~~ . - >~
I I I / ~+- 4-, ‘V— — — .—~4 I I 0 ..... > >~

~~) >( >( )~~ )< / I. . 
~~ s_ ~~‘

C f )  r(
~ ~~ (~J /

I I / 1 1  0 0I
— i : i~~~~,i •/ _

—
~~~ ~~~~

/ 7.  1 / E ~~~~~~I.á~ I C..) 0 4-’ G) >,

~~:r i / .- 

,g~ i ,
. 

~II. ~ 4-~
— II’ f F- QJ S.~~’~~ E

/ j~
~~. 

.t 

I - —
i i.: — ~I.. ..%— 0 5 1~~0 0.. 5,I I. / F—
II: ~~~~~ - c: •.- .5-’

— , ,. : a” ~~~~~~~~~~~~~~
‘~ :1 ~- ~~~~~~~~~

I I.. ? ~~~

I I: ~. o
I: S~ L~ Q~~~~~4-~ ‘V/ I. I

~~
I I~/ I.• •I. . f~

.5 ~~~ .~~ .~~ 0
> ~ 

• 
-- L.

— / I— • . — . a r  0
I t (_) .— c ~._~~c.--
I LaJ 

~~~~I 0 ~~~I~~~-4

~ / L.~.J E ’4 - 0 — -
I o .~ L0) cNJ I N- o~~n 0 4-’

U)  

/ 
I 

—
—

~~— I —
— — ~~~~~~~~~~ U

I .0
— I I -/ I Sn

/
1

1 I

L1~’ (~
‘_

~ c•’J —

(J3S .A/ WD) A1I1I~ OW

171

L
— ... : ..



Annealing samples implanted with doses of 2xlO ions/cm

to 950°C resul ts in  a si gn i f i c a n t i ncr ease in  the dopi n~ as can be seen

in Fig. 59 which shows the doping efficiency plotted as a function of

anneal ing temperature for various doses of Se ions. The data show that as

the dose i ncreases , a higher annealing temperature is require d to achieve

the maximum observed doping efficiency . For a dose of 3xlO ’3 ions/cm2,

anneal ing at 850°C give a high doping efficiency (approxima tely 60:).

For doses of 1 or 5x 10’4 ions /cm2, a l a r ge i ncrease in  dopi n g effic ienc y

was observed in the anneal step between 850 and 900°C.

The capless annealing techn i que has also been used for

annealing hi gh dose Se implants. Data for samples implanted with 2xl014

Se ions /cm2 and annealed by the capless technique at 850° or 900 °C are

shown in  Fig. 60. Data from a sam p le im p lante d wi th t he same Se dose and

annealed at 900 °C with an aluminum-oxy-nitride cap are shown for comparis on .

There is a large increase in the doping achieved using the capless anneal

technique when the annealing tempe rature is increased from 850 to 900CC

just as occurred when samples were annealed with an aluminum —oxy-nitride

~~~~~ Au liicr-eäSC ill CieL U ruri mobility is also obse~ -ve d as the annealin g

temoerature is increased from 850 to 900°C. This concurrent increase in

both elec tron concentra ti on an d mob ili ty may be due to the removal of

compensating defects during annealing, as also suggested by the photo-

luminescense results di scussed be l ow . For the same anneal tempera~ure , the

two di fferent methods of protecti ng GaP,s surface during annealing resul

i n similar electron concentration and mobility profiles.

1 7 2

- ~~~~~~~~~~~~~~~~~ ~~~~~~~ 
- . - 1L~ — — —  - —





pr. ~~~ 
~~~~~~~~~~~~~~~~~~

SC5017.l 7FR

1910 : I

S .

1018

7/ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

z 1 / o o 1P
0

~ io’~ -
~io4 

~

~

<

o capless — 8500

- o cap less - 9000 -

- 

• AIN - 900° 
-

DEPTH (j.Lm) 
0.4 0. 5

Fig. 60 Carrier concentration and mobility profiles for Se implanted
samples annealed by the capless technique or wi th an aluminum- -~

oxy-nitride (labeled AIN) cap.
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Photoluminescence data for Se implanted sampl es shown in

Fig. 61 indicate that the large increase in doping efficiency observed in

sampl es impl anted with about io 14 Se ions/ cm2 and anneal ed ei ther with an

al uminum—oxy-nitride cap or by the capl ess technique is due to the removal

of Ga vacancy-Se complexes when the anneal ing is carried out at the higher

temperature. The luminescence peak at the wavel ength of 1pm , shown in this

figure for the samples annealed at 850°C, is believed to be due to such

compl exes .66 
The i ntensity of this peak is greatly decreased followi ng

the 900°C anneal and a new peak located at about 0.89pm appears in the

spectrum . Similar photol uminescence spectra are observed when the sampl e

is anneal ed using the cap less technique. However, when a silicon nitride

cap is used , a luminescence peak is still observed at 1pm following a 900°C

anneal and no peak is observed at 0.89pm . The dpnendence of the sheet

electro n concentration and the intensity of t and 0.89pm luminescence

peaks on anneal temperature is s hown in Fig. 62 for several different

combinations of implantation dose and annealing cap. In all the cases , the

intensity in the 1pm region is observed to decrease with increasing anneal

temperature. The annea l temperature at which the 0.89pm peak is first

observed in sampl es annealed with an aluminum -oxy—nitride cap is a function

of the implantation dose. A higher anneal temperature is required as the

implantation dose in increased . The relationship between the appearance of

0.89pm luminescence peak and the activation of high doses of implanted n—type

dopants is not cl ear at present. Experiments in which samples were annealed

under low or high As pressure suggested that this luminescence peak might

be associated wi th the introduction of As vacancies into the GaAs . However,

evidence is presented in Sec . 3.2.4 of this report which indicates tha t this
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1

400 keV Se Implants 
7/

”

E 
0 lxlO’4 - S13N4 /~/“

I .’  • 1x1014 -A IN

~ 

O 5x10~~~~ N 

______________ -
1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-

lxlO 850 900 950
ANNEA L TEMPERATURE (°C)

Fig. 62 Sheet electron concentratio n , and photoluminescence intensity of
the 1~m and O.89IJm peaks of Se-implanted samples vs anneal temperature .
The Se doses and the anneal caps used are indicated on the figure .
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peak is associated with the presence of Mn acceptors in the material . It

is difficul t to see any relation between the presence of Mn acceptors and

the activation of the implanted Se. Perhaps it is possibl e that the Mn

center requires the i ntroduction of As vacancies before the l umi nescence can

be observed . However , there is no evidence to support such an idea at this

time .

This work on high dose n—type implants shows that it is possible

to produce electron concentrations of the order of 1 -4xl0 18cm 3 by

implantation . Sheet resistances l ower than 50 ohms per square have been

obtained. Such high n~ doping is useful for decreasing the resistivity of
contact regions to devices such as FETs . The dopi ng obtained is sensitive

to the cap employed during post—implantation annealing. A further indication

of this sensitivity is found in published work on Se implantation which used

a pyrolytically deposited silicon nitride cap. In this work maximum electron

concentrations of 3.4x 10 ’
~
8 were also obta ined .67 This indicate s that the

cap material and its method of deposition are both important in determining

the doping achieved in high dose n— type implants. The reason for this

sensitivity to cap material and method of deposition are not clear at

present. Further work in this area is required in order to obtain an under-

standing of the mechanisms i nvolved . The difference between the resul ts with

reactively sputtered Si nitride and pyrolytically deposited sil icon nitride

may be due to differences in the strain at the surface of the GaAs during

annealing using these two differently Si nitride films . One experimental

indication that this may be so is shown in the data of Fig. 57. A profile

is included there for a Te implanted sample annealed with a reactivel y

sputtered silicon nitride cap which lifted during the annealing process.
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However , the cap did not rupture and still afforded some protection of the

GaAs surface during anneal ing although any strain effects which might have

been present with a cap that adhered were eliminated. The maximum el ectron

concentration achieved with this sample was greater than that measured

for samples for which the cap adhered completely during anneal ing.

Another area which is not wel l understood at present has to do

with the maximum electron concentration that it has been possible to re-

producibly obtain using high dose n—type implants . The maximum measured

electron concentration was about 40-54% of the maximum predicted Se

concentration (‘~ 
7xlO 18cm~~) achieved in bulk grown GaAs crystals in which

the Se concentration is equal to 7x1018cm’3 . Howeve r, as the implantation

dose is increased , the maximum electron concentration does not rise

significantly above the level achieved with the dose of lx1014 ions/cm2

even though maximum doping level s near %x l O 19 /cm3 have been achieved in

bulk doped crystals. 68 The reasons for this limitation of the doping

level are not clear at present. Te implantation work into high purity

epitaxial l ayers and into semi-insulating substrates from different

suppliers indicate that for high dose implants the substrate does not have

a significant effect upon the doping level obtained. It is likely that

the results for high dose Se implants woul d exhibit a similar independence

of substrate effects. Experiments have been carried out utilizing Ga

implantation in addition to Te implantation of a dopant that is expected

to reside on the As sublattice . No significant effects of Ga implantation

were observed in our work. However , there is one case in the literature

where it is claimed that Ga implantation has produced a significant increase

L 
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in the doping level .69 Perhaps further investigation of the effects of

Ga implantation in addition to implantation of an n-type dopant would
be worthwh ile.

5.3 Sulphur Implantation - Science Cente r and Caltech

Th€ d’ ping profile measured in S implanted samples annealed

with a sputtered silicon nitride cap are considerably deeper than the

distribution for the implanted S calculated from ISS range parameters.

This is illustrated in Fig. 63, which shows the electron concentration

profile for a sample implanted with 100 keV S ions to a dose of 9x1&2cm
2.

The maximum electron concentration is about an order of magnitude l ower than

the expected peak S concentration and the doping efficiency is of the

order of 20%. The results of S tracer diffusion measurements carried out

under IR&D support 70 indicate that the deep penetration of the dopant

is due to S diffusion during post-implantation annealing and that the low

dop ing efficiency is a resul t of a substantial out-diffusion of the implanted

S from the sample. The reproducibility of doping profiles from low dose

100 keY S imp lants was found to be as good as the reproducibilit y of low

dose Se implantation profiles . The doping over a given wafer has also been

found to be quite unifortu. Figure 64 shows the distribution in the maximum

electron concentration and in the depth at whi ch the electron concentration

reaches 10% of this maximum, obtained by measuring a large number of

Schottky barriers over a single S implanted wafer. Nearly all the values

of 
~
‘max are contained within a range 

of + 5% on ei ther side of the average

value . The spread in the depth (10% of is equally narrow . This
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Fig. 63 Elec~~on concentration p~’ofile for a GaAs sample implanted with
9x10 l0O-keV S ions/cm at 350° C and annealed at 850° C with a
silicon nitride cap, compare d with the S distribution calculated
from LSS range parameters .
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uniformity in doping profiles correlates well with observed uniformity

in the characteristics of FETs fabricated in S implanted layers .

The implantation of S at energies higher than 100 keV has

al so been investigated. Figure 65 shows electron concentration profiles

obtained using a l ayer removal and sequential Hall coefficient and

resistivity measurement techIIi1u~� on S samples implanted with 400 keV

s ions.63 Data are shown for doses of 3x1013 ions/cm2 and lxlO 14 ions/cm2

and for implants carried out at room temperature and at 300°C. The

profiles for the samples implanted with 3xlO 13 ions/cm 2 seem not to be

dependent upon implantation temperature . However, for a dose of

1x1014 ions/cm2, there is a substantial difference between the profiles

for the sample implante d at room temperature and the sample implanted

at 350°C. This difference probably occurs because at higher implantation

dose , an amorphous layer is produced during room temperature implantation .

The doping efficiencies for the samples implanted at 350°C were 44~ for the

dose of 3xl&3cm2 and 38% for the dose of lxlO 14cm2. This is significantl y

greater than the doping efficiency observed for even lower doses when the

implantation was performed at an energy of 100 keV . We believe this is

the consequence of the out-di ffusion which occurs during the anneal i ng of S

implanted samples . The increase in doping efficiency with increased

implantation energy woul d be expected to occur , because at the higher

implant energy, the S is initially distributed more deepl y in the sample

so that the probability of out-diffusion is significantl y reduced .

Channeling effect measurements have been carried out on S

implanted samples in an effort to determine the lattice location of the

implanted S. The experiments have been performed using a 400 keV proton
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beam. Measurements of the energy spectrum of the proton i nduced x-rays

were carried out using a Li drifted Si x-ray detector. The interaction of

channel ed protons with implanted S atoms could be measured by determining

the intensity of the x-ray yield. Measurements have been carried out on
samples after implantation at 350°C in order to determi ne whether or not a
substantial fraction of the implanted S might be in interstitial positions .

If this were the case , it might help account for the large S diffusion

observed in implante d GaAs.

A typical x-ray spectrum obtained from a GaAs sample implanted

with 1x 10 15 100 key S ions/cm 2 is shown in Fig. 66. The analysis was done

with a 400 key pro ton beam incident in a random direction. X-ray peaks

due to As , Si on the sample surface and implanted S are seen. A 2 mil

thick mylar absorber was used ove r the end window of the x-ray detector .

This results in a very large attenuation of the Ga and As L x-r ays relative

to tho sulph:r K x-ray. This procedure is necessary in order to avoid

pile-up eff~ct~ wh ich would obscure the sulphur x-ray peak. The sulphur

x- ray peak is superimposed on a very broad background. This background f~

thou qht to be due to Bremstrahlung generated by knock-on electrons orig~-

na ting from bound states of the Ga and As atoms . 
71 

In order to determine

the intensity of the S x-ray yield , it was necessary to subtract this

back ground . This was accomplished with the aid of spectra obtained from

unimplanted G~As samples wi th  similar orientations of the sample relat i ve

to the incident proton ~~~~
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Fig. 66 X-ray spectrum obtained from a GaAs sample implanted with lxlO 15
100 keV S ions/cm 2 at 350°C us ing a 400 keV proton beam incident
in a random direction
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Angular scan data for the <110 > and < 111 > axes of a

sample implanted at 350°C with lxl O 15 100 keV S ions/cm 2 are shown in

Fig. 67 both for protons backscattered from the GaAs and for the sul phur

x—ray yield. For both axes, the minimum sulphur x-ray yield is somewhat

higher than the minimum backscattered proton yield and the half width of

the dip in S yield is smaller than that of the dip in backscattered proton

yield. Analysis of these data indicate that the fraction of S ions, lyi ng

along a given axis is 0.85 and 0.81 for the <110 > and <ill > axis ,

respectively. An angular scan has not been made for the < 100 > axis.

However, data taken for exact incidence along that axis indicate the 0.88

of the S atoms lie along the <100> rows. These resul ts indicate that the

implanted S is highly substitutional following implantation at 350°C. There

coul d be some interstitial component of the implanted S. However , the

existing data can be interpreted as indicating that the S is almost entirely

substitutional ,and that the smal l deviations in half width of the back-

scattered and x—ray dips is due to a small amount of strain in the GaAs

lattice . The minimum proton backscattered yield in < 110 > and < ill >

directions is somewhat higher than that expecte d from a good GaAs crystal

which is consistent with the possibility of a stra ined GaAs lattice . It

is probably not possible to reach any more definitive conclus ion about

the possibility of a substantial interstitial S component following

implantation by the use of channeling effect latt i ce locations techniques.
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5.4 Reordering of Imp lanted Amorphous GaAs - Science Center and
Ca l tech

There is a significant difference between GaAs and Si in  the

electrical behavior of implanted amorphous regions. In Si , high electrical

activity is found after annealing in the temperature range where the

amorphous l ayer reorders .72 Significantl y higher anneal temperatures

are required to achieve high el ectrical activity in hot substrate implant-

ation process as compared to room temperature implantation where an amorphous

layer is formed. Almost the reverse is true for high dose implantati on in

GaAs. Hot substrate implantation is required to achieve high electrical

activity .73 In low temperature implantation where an amorphous layer

is formed , much l ower el ectrical activity is found at the same anneal

temperatures as those used for hot substra te implantations.

These results suggest that there is a major difference between

the anneal behavior of amorphous l ayers of Si and that of GaAs . The purpose

of the present work was to investigate the reordering of implanted amor-

phous l ayers on GaAs following the precautions observed in studies of

Si.74 Amorphous l ayers were formed by implantation at LN 2 temperatures ,

minimizing the recovery of damage duri ng implantati on . This use of

implantation at LN2 temperature therefore made it possible to produce an

amorphous l ayer with a l ower implanted dose than at room temperature , so

that impuri ty concentrations did not excee d sol ubility values . Both n

and p-type dopants were used to determi ne if the impurity type had an

influence on the anneaflng behavior. In < ill > oriented Si the anneal

behavior is strikingl y different than in < 100 > Si and the amount of

disorder depends on the anneal procedures. 75. Therefore , < 11 1 >, < 100 >
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and < 110 > substrates were used to investigate possible orientation

effects. Both isotherma l and i sochronal anneal sequences were used to

determine if the amount of disorder were dependent on the anneal procedure .

The intent was to determine if the difference in recrystallization behavior

between GaAs and Si was real or was an artifact due to the choice of

implantation conditions , substrate orientation or annealing procedure .

Channel i ng effect measurements with 1 MeV 4He ions were used

to investigate the recovery of the amorphous l ayer. Measurements were also

made with 400 keV H1’ ions. Energy to depth conversions for 4He analysis
76

were made using the stopping cross-sections of Ziegler and Chu . Trans-

mi ssion electron microscopy and glancing angle x—ray diffraction were

employed to obtain information on the structure of the regrown layer.

Figure 68 shows random and <l0~ ° GaAs sampl es implanted with

Zn and annealed at various temperatures for 15 m m .  The spectrum for an

as-implanted sample indica tes that the implanted l ayer becomes amorphous

over a depth of about 720A. The spectrum for a sample annealed at 200°C

shows that some recovery of crystallinity occurs at the interface between

the amorphous l ayer and the underlying crystal . Thi s is indicate d by a

• shift in the rear edge of the aligned spectra toward the surface . After

300°C anneal i ng , the backscattering yield decreases but is still high

compared to the unimplanted sampl es, showing that the implanted l ayer

contains a high l evel of disorder . Complete recovery was observed after

600°C annealing . The annealing of the amorphous layer produced in <100 >

and < 110 > GaAs by 400 keV Se implants shows almost the same behavior

as in Fig. 68. Some recovery was observed at the interface between the

amorphous l ayer and the underlying crystal for annealing at 200°C. The
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amorphous layer disappeared after annealing at 300°C and significant

recovery occurred after annealing at 600°C. These results suggest that

the temperature range between 200 and 300°C is an interesting region in

which to investigate the reordering of amorphous layers .

Backscattering data on the recovery of amorphous l ayers

produced by 400 keV implantations , annealed at temperatures of 200 to

300°C, are shown in Figs. 69 and 70. The < 11 1 > aligned backscatteri ng

spectra for as—implanted samples indicate that the thickness of the

amorphous layer is about l600A (Fig. 69). The recovery during the

initial 15 minutes is again fast compared to the recovery during further H
anneal i ng . After annealing for 375 minutes the implanted l ayer only remains

amorphous near the surface, but the recovered region is still heavily

disordered . After 1100 minutes the implanted l ayer is no longer amorphous .

Further annealing at 300°C for 30 minutes produces no significant recovery

as shown by the solid line in Fig. 69. The recovery of amorphous layers

produced in <100> and <Zl10~ GaAs under the same implantation conditions as

shown for the sampl e in Fig. 69 was also studied; there were no pronounced

differences in the recovery behavior for the different orientations .

Figure 70 shows the backscattering spectra for samples

implanted with 400 keV Se and 100 key Se2 and annealed for 343 minutes

at diffe rent temperatures. The lower energy implant was used in an attempt

to make the surface amorphous. The aligned spectrum for samples annealed

at 200°C is similar to that for samples implanted with 400 keV Se and

annealed at 300°C for 375 minutes (Fig. 69). The ali gned spectra for samples

annealed at 220 and 250°C indicate that the amorphous layer disappears ,
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annealed as indica ted. < 100 > -~aAs and < 100 >aligned spectra .

194 

~~~~~~~~~~~~~ 
i_ • • 

-

- A



- 

- -~~~

SC5O1 7. 17FR

but a high level of disorder still rema ins in the implanted layer. These

spectra are almost the same as those observed after annealing at 200°C

for 1100 minutes or 300°C for 30 minutes , as shown in Fig. 69.

Transmission el ectron microscopy and glancing angl e x—ray

diffraction measurements have been employed in an effort to characterize

the disorder present in annealed impl anted layers . The samples were im-

planted with 400 keV Se ions and exhibited backscattering spectra similar to

that represented by the solid curve in Fig. 69. The glancing angle x—ray

diffraction measurements showed blurred spots in the diffraction pattern.

This indicated the presence of substructure in the annealed l ayer. The

absence of rings and extra spots in the diffraction pattern shows that the

regrown l ayer is not polycrystalline and it is epitaxial with the under—

lying substrate .

The epitaxi 3l nature of the regrown layer and the presence of

substructure was shown directly in TEM micrographs and sel ected area el ectron

di ffraction patterns. An example of the substructure is shown in Fig. 71.

Extensive streaking in <Ill> directions in the electron diffraction pattern

in Fig. 71b arises from the high density of thin regions (substructure)

lying along (111) planes , one variant of which is illustrated in Fig. 7la.

It is possible that this substructure may be antiphase domains , resulting

from homogeneous nucl eation of crystalline GaAs in the amorphous l ayer.

Evidence for epitaxy was the observation that the crystallographic direc-

tion of the normal to the surface of the regrown l ayer was [100] which is

parallel to the [100] surface normal of the substrate.
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In conclus ion , there is a significant difference between the

annealing behavior of implanted amorphous l ayers in GaAs and in Si. It

is clear thatthe difference is real ,and that the different implantations

and annealing procedures used in this study are sufficient to exclude the

possibilities that the substrate orientation , impurity or annealing cyc l es

are responsible. Such effects have led to anomalous results in the

recrystallization of implanted Si. In the case of GaAs , the recovery of

the amo rphous layer shows no signif icant or i enta tion dependence and the

regrown l ayer exhibits a high amount of disorder. In Si the recovery

shows a strong orientation dependence and there is low residual disorder

follow i ng reor der i ng of the amorphous layer for <IOU> sam p les . The i so-

chronal annealing data for GaAs show that reordering occurs over a rela-

tivel y b road temperature interval i n contras t to the reorder i ng of S i.

Al though amorphous GaAs recrystallizes in an epitaxial fashion , our resul ts

indicate that in GaAs the reordering of the implanted amorphous l ayer does

not follow the simple epitaxial growth found in Si. It is possible that the

different behavior of GaAs is due to local variations of its stoichiometry

in the implanted region. At low temperatures (200 to 300°C) the amorphous

layer can recrystall i ze , bu t the temperature nay be too low to permit the

motion of Ga and As necessar y to adjust the local sto i chiome try.

5.5 Contact Meta llization Systems - Cal tech

To form ohm ic contacts to GaAs an al l oy of various metals

and a dopant for GaAs is deposited on the GaAs substrate and heated above

the mel ting point of the metal-dopant eutectic. A portion of the GaAs is then
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dissolved in the alloy and , upon cooling , the dopant is incorporated in

the epitaxially regrown l ayer. The Au-Ge alloy system is most generally

used .

Usually a top layer of Ni or Pt is evaporated on the Au—Ge to

prevent island formation. Low alloying temperatures are chosen to reduce

(a) the damage to the GaAs during cooling and (b) the loss of As during the

heating cycle. Both Ni and Pt form compounds with Ge at these temperatures

and could act as a “sink” for the Ge.

The Au-Ge—Ni system was first studied on a Si02 substra te in

order to sepa rate the backscattering from Au , Ge and Ni from backscattering

from the substrate . In a second stage, the Au-Ge-Ni system was applied on

GaAs substrates . Finally , a Au-Ge-Pt system was i nvestigated .

Backscattering spectometry is well suite d to analyze how

these fi lms are chan ged by the anneal ing cycles to wh i ch they are subjected ,

because the results are quantitative and the depth distributions are not —

obta i ned by sputtering . Recent i nvestigations have shown that rare gas

sputtering modifies the composition of binary alloys and compounds in the

near-surface region because of unequal sputtering of the constituent

atoms .105 Analytical techniques such as Auger Electron Spectroscopy may

lead to erroneous conclusions in such cases .

(a) Ge-Au-Ni System on SW 2

The 2 MeV 4He backscattering spectrum of a sample having the

structure Si02/740A Ge/2300A Au/470A Ni is shown in Fig. 72, where the

backscatter ing yiel d is plotted vs the energy of the scattered He-parti cl es .

In this and all the follow ing backscattering figures the lower energy part

of the spec trum wh i ch con ta i n s  the si gnal of the Si0 2—su bstrate has been

omi tted for simplicity . Figure 72a shows the backscattering spectrum of
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Fig. 72 2 MeV 4He backscatter ing spectra of a Si0 2/ 740A
Ge/230 0 A Au/470A Ni sample. The spectra of the sub-
strate has been omi tted and the vertica l arrows in-
dicate the energy of He partic les scatte red from
surface atoms of the correspond ing elements. (a)
as-deposited , (b) annealed at 450° C for 5 minutes ,
and (c) same as (b) but Ge-Ni laye r etched off in
dilute HN0 3
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the as-deposited sample. The vertical arrows indicate the energy of

He—particles scattered from the surface atoms of the corresponding elements.

The Au signa l is l ocated at energies which are below the reference energy

for a Au atom at the surface because a layer of Ni lies on top of the

Au film. Due to the thickness of the Au l ayer, the Ni and the Au signals

overlap. The Ge signal is shifted to even l ower energies and is well

separated because the Ge is l ocated below the thick Au and the Ni l ayer.

The amount of Ge and Au do not correspond to their eutectic composition .

The aim in choosing the layer thickness was to have the Ge and Au signals

separated as well as possible in the backscattering spectrum in order to

facilitate the analysis.

The same sampl e annealed at 450 °C for 5 minutes has the back—

scattering spectrum shown in Fig. 72b . The annealing had major effects:

( a ) the Ge signal at low energies disappeared , (b) the Au signal moved to

slightly lower energies , indicating that additional mass has accumulate d

on top of the Au layer , (c) the backscattering spectrum s howed a step at the

energy corresponding to the surface location of Ge , indicating that Ge had

appeared in the surface layer , and finally, (d) a small amount of Au had

penetrated into the Ni l ayer ~-bove it , as reflected by the small signal

at surface position of Au , at 1.83 MeV . The f irst three facts inniediately

suggest that Ge diffused through the Au and mixed with the Ni. Since it

is known that Ge forms a compound with N i at temperatures as low as 150°C ,

it is assumed that some nickel -germanide formation has taken place. How-

ever , it is not possibl e to calculate the atomic composition ratio of the

germanide because the backscatterin g spectrum has overlapp ing signals. To

prove that no Ge is dissolved in the Au but that Ge has been completel y
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absorbed by the Ni , which is on top of the Au l ayer, the Ge-Ni layer was

etched off in dilute HNO3. Au is not attacked by this etchant. The

backscattering spectrum of the etched samples , given in Fig. 72c, shows no

evidenc e of any Ge dissolution in Au within its resolution limit o~ better

than 0.5%. The trailing edge of the Au peak is not as sharp as the front

edge , indicating that the Au layer is somewhat nonunifo rm . This was

verified by SEM analysis.

(b) Ni-Au—Ge System on Si0 2
It  is interesting to see whether Ge diffuses in the other

direction too, i . e., if it diffuses from a l ocation at the surface of the

sample through the Au to form compounds wi th a Ni fi lm lying on the ~i0.,

substrate. Therefore , samples of the composition Sj02/9lOA Ni/l020A

Au/ 1700A Ge have been prepared . The backscatter ing spectrum of the as—

deposited sampl e is shown in Fig. 73a. It can be seen that there is some

overla p between the Au and the Ge signals because Au , the heav ier element ,

is below the Ge, the lighter element. The backscattering spectrum of the

same sampl e annealed at 450°C for 5 minutes is given in Fig. 73b . The

spectrum clearly shows that the Au is now at the surface and that practically

no Ge remains there. Thus Ge diffused through the Au to form compounds

with the Ni. The trai ling edge of the Au as well as the front and trailing

edges of the Ge—Ni compound are not sharp , indicating that the layers are

very nonuniform. This is not surprising since in this case the Ni was not

on the top and balling of the Au-Ge alloy may have occurred during the

annealing cycle.
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of the substrate has been omitted and the vert ica l
arrows indicate the energy of the particle scattered
from s u r f a c e  atoms of the corresponding elements.
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(c) Ge-Ni-Au System on Si02
In  the f i r s t  two systems, where the Ge and the N i were

separated by a Au l ayer, Ge diffused through the Au to form compounds with

the Ni , whether the Ge was the bottom or the top l ayer. Apart from the

small amount of Au diffusion into the Ni in the case of the Ge-Au -Ni system

(see Fig. 72b) the role of the Au seems to be a passive one in that it

serves mainly as transport medium for the Ge. This can be shown by evapo-

at ing  a sample in  the sequence Si02/3470A Ge/l7lOA Ni/i 290A Au. The back-

scattering spectrum of the as—deposited sample is given in Fig. 74a. Due

to the small mass difference between Ge and Ni , their signals overlap.

However , the Au peak is wel l separated from the others because Au is now

the top l ayer. Figure 74b shows the backscattering spectrum of the same

sample annealed at 450°C for 5 minutes . It can be seen that Ge and Ni

react while the Au fi lm is not visibly changed by the heat treatment. A

sample annealed at 320°C for 1 hour showed the same result . Thus Au is

a passive el ement in the reaction between Ge and Ni.

(d) (Thick Ge)-Au-Ni System on S102

In all the combinations of Au , Ge and Ni considered so far,

the atomic percentage of Ge evaporated was less than the atomic percent of

Ni. Thus, there was always enough Ni present to consume all the Ge as NiGe

during thei r interaction. The question arises as to what happens when the

amount of Ge is greater than that needed to form NiGe. The answer is given

by the energy spectrum of 2 MeV 4He ions backscattered from a Si02/3360A

Ge/ll5OA Au/930A Ni sampl e (Fig. 75). The thicknesses were chosen so that

the atomic percentage of Ge is larger than that for Ni. Figure 75a shows

the backscattering spectrum of the as-deposited sampl e, while the spectrum
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of the same sampl e annealed at 450°C for 5 minutes is given in Fig. 75b .

Since the spectrum of the annealed sampl e shows steps corresponding to

the surface location of each el ement , we conclude that all three elements

have mixed . A large amount of Au is present at the surface. Etching of

the sampl e in dilute HNO3 l eft a very nonuniform layer of Au wi th a 
large

amount of Ge dissolved in it , as coul d be seen from backscattering analy-

sis.

It is wel l known that at temperatures above 350°C amorphous

Ge starts to nucl eate and to form polycrystallites . Glancing angle x—ray

diffraction of the annealed sample showed distinct lines of Ge. At least

some of the unreacted Ge has thus crystallized in a time as short as

5 minutes .

(e) Au-Ge -Ni System on GaAs

AuGeNi l ayers eva porated on GaAs have been studied by x-ray

d i f r a c t i on , backscattering analysis of energetic ions and by SEM with

el ectron microprobe facilities.

Figure 76 shows that there are marked differences between

backscattering spectra for fi lms on Si02 and GaAs anneal ed at 450 °C for

5 m m .  SEN and el ectro n microprobe analysis of the GaA s—AuGeNi samp l e

showed a nonhomogenous surface with crystallites which were rich in the

elements Ge, As and Ni. These were distrib’ited in a matrix which was rich

i n  the elements Au and Ga. Upon annealing at telilperatures near the Au-

GaAs eutectic (450°C) one may assume that Ga and As will dissolve into the

Au and diffused out to react wi th the GeNi compound respectively. This

reaction between Au and GaAs may be dependent upon the anneal ing ambient ,
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which is indicated by Fig. 77. This figure shows backscattering spectra

of two Au evaporated <100> GaAs samples. In the case where the sample is

annealed at 422 °C in vacuum ,one can see that a dramatic reaction has taken

place. When the anneal ing was performed in air there was much less reaction

between GaAs and the Au film.

(f) Au-Ge-Pt System

AuGePt metallization schemes are sometimes used instead of

the more comon AuGeNi schemes for contacts in n-type GaAs. A study has

been undertaken to compare the metallurgy of these two metallization

schemes .

In a first step to understand the metallurgy of AuGePt

contacts on GaAs the interaction of the 3 components of the metal layer have

been studied using an i nert substrate (Si02). Different sequences of Au ,

Ge and Pt films were evaporated and the thickness of each l ayer has

been varied . Annealing of the samples was performed in a vacuum furnace

for different times and temperatures . Inter-diffusion within the metal

layer has been studied by 2 MeV He+ backscattering spectroscopy and compound

formation has been studied by glancing angle x-ray spectroscopy .

Prel im i n a r y  measurements i n d i c a t e  that  Pt i n  AuGePt-layers

behave in very much the same way as does Ni in AuGeNi layers . Pt tends to

act as a sink for Ge wi th which it forms stabl e compounds . Fig. 78a shows

a backscattering spectrum from a sampl e with the structure Si02/Pt/Au/Ge.

Figure 78b shows a backscattering spectrum of the same sampl e w h i c h  has

been annealed at 450°C for 5 minutes . One notices that the Au—edge has

shifted to higher energies and a broad peak is found around 1.4 MeV . One
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i nterpretation of these measurements is that Ge has diffused through the

Au layer and fo rmed compounds with Pt. The energy width of the unreacted

portion of the spectrum, indicated by 
~
tEAu in Fig. 78b, is very close to

the width of the origina l evaporated Au-film , indicating that almost all

the Ge is trapped in the GePt compound . Similar results have been obtained

for other sequences of evaporation for the three el ements. The layers

seem to be laterall y nonuniform when the Ge to Pt ratio exceeds 1. The

larger the rati o the more nonuniform are the l ayers.

In sumary, backscattering techniques have been used to

investigate metallization schemes for GaAs. Backscattering measurements

before and after anneal of Au-Ge-Ni layers deposited on S102 in different

sequences show that Ge and Ni mix together to form compounds . If they

are separated by a Au l ayer Ge diffuses through the Au to combine with the

Ni. It is more difficul t to determine the behavior of the Au-Ge-Ni system

on GaAs using the backscattering technique. This behavior appears to be more

compl i cated because of a reaction between Au and GaAs . The Au-Ge—Pt system

behaves similarly to the Au—Ge-Ni system when it is annealed on an Si02
substrate .
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6.0 CORRELATION BEThJEEN MATERIAL PARAME1 ERS AND DEVICE PERFORMANCE

In  the  preceding sections of this report, material technologies

pertinent to microwave FET devices have bee n discussed . In the following

section , the performance of GaAs MESFETs will be evaluated in order to

assess progress achieved in the material technologies. The emphasis will

be placed on comparing technology al ternatives like epitaxial vs ion implanted

active l ayer, or buffered vs unbuffered substrate . A conclusion emerging

from such comparisons will be that ion implantation in GaAs has become a

mature technology , capable of producing state—of-the-art FET aevices , with

certain advantages over epitaxial technologies . In the context of device

analysis, efforts have oeen dedicated to probl ems related to IMPATT devices .

In Sec. 6.2, an analysis of IMPATT parameters will be presented as a tool

to obtain material parameters useful in device design. In Sec . 6.3, an

anodization and etching technique will be discussed . Finally, in Sec. 6.4,

measurements of ionization coefficients in GaAs will be presented and discussed.

6.1 MESFET Performance — Science Center

Ion implantation has evolved into a reliable technique for the

fabrication of MESFET active l ayers , with excellent uniformity (inherent to

this technique), and al so excellent reproducibility when the substrates are

properly preselected (see Sec.5.l). It is therefore important to compare ion

implantation with epitaxial ma terial technologies by actually putting them

to test on devices. Two aspects of device performance will be considered ,

r!anely, rf performance and parameter drift vs time . It will be shown that
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low power MESFETs fabricated from sel enium implanted active l ayers have less

dri ft problems than epi taxial transistors , and their rf performance comes

close to matchi ng the theoreticall y predicted performance.

In the study of drift ,the variation of noise figure with gate

bias has been investigated . MESFETs fabricated on LPE and ion implanted

active l ayers have been compa red . The epitaxial l ayer was grown onto a

substrate (Crystal Special ties #1718, see Sec. 3.2.1) which passed a qual i-

fication test for epitaxial growth (see Sec. 3.2.4). The ion implanted

MESFET s were fabricated on a layer made by Se implan tation i nto a sem i-
insulating (SI) substrate (Crystal Specialties #2004) which passed a

corresponding qualifi cation test for ion implantation (see Sec. 5.1).

Noise figures at 10 GHz were measured on both types of transistors. The

optimum noise figures were near 4 dB for both transistors. The most interes ti ng

observat ion  i s  how a pe r tu rba t ion  of the gate b ia s  vol tage af fec ts  the

no se f igu re , as shown in Fig. 79. Originally, the gate is biased

for optimum noise figure. A positive or negative voltage step is applied

to the ga te producing a change in  the noise figure . When the gate bias

voltage is returned to its original value the noise figure also relaxes

towards its original value. However , the se t t l i n g times are di fferent fo r

the two types of transistors . Fi g. 79 shows that the ion implanted transistor

recover fas ter than the epit ax ial transis tors , the effect  be i ng more

dramatic in the case of a negative gate bias step.

The lon g transient observed in the noise figure of the epi taxial

trdnsistors can be attributed to interface states at the active layer - SI

substrate interface or to surface effects . The implanted transistors are less

subject to these problems due to the nature of the implantation process.

~~~~ ~~I3

-~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~ -:~~~~_ •. ~~~~~~~~~~~~~~~~~~~~~~~~~ -~ 
— 

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

~-



___  - - - - -- - •--

~

- .----_ - • —--- - 

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

—- -- - - - -—-—- --
~~~~

-• .- -- -—_----S---,•-- •-,•,----_ - - - - - — - - - - - - •  - —U,

SC5O17.17FR

C ‘ 0

.!2 —

E-r
C

_ 

~~~ 

I

3S I ON

1 214

~~~~~~~ir- ia~i~. ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~- .~:::



- ,  
-_ —

- ----—---_ ~! . r . ”  - — — —-- -

SC5O1 7.1 7FR

Monitoring the drift of rf device parameters, such as gain and

noise figure , requires a considerable effort because of the need for con-

ti nued measurements over extended times using expensive gear. In order to

simplify the tests, a new approach for monitoring dri ft has been tried .

Our approach is based on our observation that the drift of

microwave parameters and the drift of the low frequency (10 KHz) trans-

conductan-ce are correlated. It has al so been observed that the initial rate

of drift after turn on is an effective indicator of long term drift effects.

Therefore, measurements were made of the change in the low frequency trans-

conductance , 
~~ 

of devices for the first 10 minutes after turn on using the

test setup shown in Fig. 80(a). The gate bias was swi tched from a high

current condition (i.e. V g5 = 0) to the gate bias voltage that gives

minimum noise for rf frequencies . The voltage step was therefore negative ,

reducing the device current to approxametly 15% of full current .

The above tests have been applied to devices fabricated on

epitax al material (liquid phase and vapor phase) and implanted material .

Resul ts are shown in Fig. 80b where the relative transconductance is plotteci

against time for representative devices . The implanted device shows a very

short settl i ng time and the smallest change in transconductance . The device

made from vapor phase epi taxial material (bought from a comercial vendor )

shows slow drift from its initial post switching value. Such drift is even

more noticeable for the LPE device . The transconductance of the epi taxial

transistors goes t h r o u g h  an upward spike immedia t e ly  a f t e r  s w i t ch i n g  the

gate bias. The drift of the LPE transistor was monitored for a long period

of time . The transconductance continued to decrease reaching a 30% change

after 24 hours .
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Fig. 80a Test set for measuring l ow-frequency transc onductance of GaAs FETs. 
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These results show again an advantage of imp lanted transistors

over epitaxial transistors in that the implanted transistors appear free

of slow transients.

The rf performance of MESFETs has been measured in order to

draw comparisons between the material technologies employed in their fabri-

cation. The goal was to compare epitaxial vs implantation techniques for

fabrica-~ion of the device acti ve l ayer, and to determ i ne whether there are

• advantages in using a buffer l ayer between the SI substrate and the active

layer.

In the first two rows of Table 14 the rf performance of transistors

fabricated on LPE l ayers with and without a buffer l ayer are compared. The

buffer l ayer was grown at Stanford by LPE (see Sec. 4.1). The two active

layers were grown simul taneously. Part of each layer was used for the

transient capacitance measurements described in Sec . 4.1. The dc charac-

teristics of the transistors show that the total current carried by the

buffered transistor is similar to that in the unbuffered one, but the

transconductance is lower. More gate voltage is required to pinch off the

device . As to rf performance at 10 0Hz (Table 14), the gain is

better for the single layer dev i ce while the noise performance is slightly

better in favor of the buffered device . These resul ts indicate no obvious

advantage from using a buffer l ayer. However , the advantage may be masked

by other effects since bo th transistors have a rather high noise figure .
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Although the resul ts were. simi lar , the unbuffered transistor had slightly

higher S 21 (2.2 vs 2.0 at 10 GHz) and lowe r S12 (0.06 vs 0.10 at 10 0Hz)

than the buffered transistor. The gain and noise figures at 10 GHz for

both transistors are shown in Table 15. Al though both transistors can

be rated as hi gh performance devices , the unbuffered device has larger

gain and l ower noise figure than the buffered one. This result indicate s

that presently available LPE buffer l ayers are i nferior to high-qualit y

SI substrate material for ion impl antation purposes , in spite of the

progress achieved in LPE technology .

It is important to compare epitaxial vs implanted transistors .

Early compari sons between LPE and ion implanted transistors on this

program favored the latter. Therefore, the main efforts in the later

phases of this development have been devoted to realize ion implanted

FETs. A similar comparison with VPE transistors was not possible because

this technology was not available unde r this program . However, it is

possible to draw conclustions from the rf performance of transistors

made by Se implantation directly into a SI substrate , which was shown in

Table 15 and is described for three frequencies (4,10 and 15 GHz) in

Table 16. The rf performa nce of the ion implanted transistors shown in

Table 16 is superior to that of LPE transistors fabricate d under this

contract, it is as good as that of the best lpt~ gate comme rcially available

devices , and it nearly matches the best performance reported for laboratory

devices of similar geometry .57

From the above resul t, it can be concluded that MESFETs

employ ing active l ayer fabri cated by Se implantation into SI substrate are

fully competitive to transistors made on epitaxial l ayers with respect to
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rf performance. In addition , implante d transistors have shown to be less

drift prone than epitaxial devices. Such advantage in device performance ,

and a potentially lower cost due to the high degree of uniformi ty and

reproducibility , allow us to predict a wide use for ion impl anted MESFETs.

In addition , the ion implanted MESFET open exciti ng new possibilities for

igh-speed integrated circuits by combining the virtues of the excel l ent

microwave response of the MESFET and a planar ion implantation technology

with a high degree of unifo rmi ty. Switching speeds approaching 10 0Hz are

theoretically possible within power-speed products compatible with MSI.

Al ternatively, switching speed may be traded off for power di ssipa tion to

achi eve LSI compl exities at speeds about 1-2 GHz.

6.2 Determination oi Mate ri al Paranie ters From Low Frequency Noise
Measurements on IMPATT Diodes - Cornell University

At Cornel l University , experimental measurements of avalanche

diode parameters and of the classical ionization rates have resolved a

long standing probl em in the modeling of GaAs avalanche devices (see

Sec. 6.3). These measurements show that the intrinsic avalanche response

time , which is directly related to the rate of secondary pair production ,

is approximately an order of magnitude higher than expected theoretically,

and that the classically determi ned ionization rates show an apparent

dependence on the impurity concentration . The understanding of basic

mechanisms , which has been achieved in this program , is that the hot

electron distribution takes an unexpectedly l ong time to equilibriate ,

and it is believed that a limiting interband scattering time is the

224
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responsible factor in de l aying the acceleration of electrons to the

threshold for ionization.

The technological importance of this understanding of basic

mechanisms is that modeling and design technique s for developing high

efficiency , high power devices must use a theoretical approa ch which

contains an appropriate paramaterization. By the term “app ropriate

parameterization ” it is meant that quantities such as the multiplication

and the intrinsic response time must be experimentally determined for use

in device optimization. It must be emphasized that theories which start

from classically measured ionizati on rates and an electric fiel d distri-

bution are inappropriate for optimizing the desi gn of GaAs avalanche

devices. Finally, the ‘Quasistatic A p p r o x i m a t i o n ’ has been used to model

the admi ttance and determine critical device parameters of GaAs avalanche

devices.

An admittance mode l of GaAs flat profile IMPATTs and Read structures

was developed using the ‘Quasistat ic Approximation ” of Kuvas and Lee.77 A

unique feature of this .theory is that it provides an analytic expression of

the diode admittance in terms of physical parameters of the diode that are

measurable at frequencies of a few hundred megahertz or less. It thus pro-

vides a framework for bypassing the calculati un of M and from the first

principles , al though such a calculation can be made for semiconductors for

which the ionization rates can be represented as functions of the local

electri c field. Successful resul ts are presented in modeling the microwave

admittance of GaAs avalanche diodes and in identifying those material pa ra-

meters responsible for performance limitations with particular emphasis on

limiting the high temperature generation rate in hig h performance devices .
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From various microwave measurements and from short circuit

current fl uctuation measurements over a frequency range of 30-400 MHz , we

can determine the saturation current and the mul ti plication over the oper-

ating range of the diode , and can further obtain two i ndependent measurements

of the intrinsic response time . The two independent measurements of the

intrinsic response time were deemed necessary because in GaAs was found

to be almost an order of magnitude larger than expected . Parallel measure-

ments in silicon diodes were found to be in agreement wi th theoretically

expected values. Perha ps the best reason for accepting this high value of

the intrinsic response time is the fact that the microwave admittance of the

diode can be modeled using measured parameters and the high measured val ue

of - Thus , i t  is now apparent that a calculation that starts from the —

basic ionization rates will , at least implicitly, calculate a response

time that is much too smal l to correspond to a real diode .

The essenti al physical reason for this high value of can be

found in the conduction band structure of GaAs. An examination of that

band structure reveals tha t an electre n accelerated in the < 100 > direction

has to transfer to a higher conduction band in order to reach the threshold

energy for ionization. An interband transfer time of the orde r of a pico-

second could account for the high observed value of -r1 . Thus , considering

the short transit time of an el ectron through the avalanche region , the

distribution function does not equilibriate . A somewhat similar situation

accounts for the velocit y overshoot effect in the GaAs FET . Th i s unex pecte d

complication of the conduction band structure is also reflected in the

ionization coefficient measurements (see Sec. 6.4).
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Apart  understand ing the physics of the diode , there is one

outstanding material-fabrication problem illuminated by these measurements ,

and tha t is trie high saturation current measured in all of the diodes

reported on. Saturation currents of 0.1 A/cm2 or greater are almost certainly

the most important factor limiting the diodes high power perfo rmance.

(a) Th~~~~
In studying the low frequency noise of steady p-n junction

avalanches , Hai tz  pointed out the sens i t i v i t y  of such measur em ents to the

quality of the junction. 78 He showed that inhomogeneities over the sur-

face of the di ode ten ded to pro duce very i rre gular no i se as a func ti on of

the bias current. Although a number of detailed analyses of noise have

been ma de , the emphasis has been on the microwave performance of the diodes . 79-81

In addition , there have been several reports noting the proportionality of the

low frequency noise to the reciprocal of the bias current for moderately

larqe currents . 82,83 Ex perimentally, however , one observes the short

circuit noise current to increase sharply at the onset of breakdown , reachin a

a peak at a few milliamperes , and then to decrease smoothly with increasing

~-jrrent if the diode is reasonably uniform . In a qualita ’ ive sense, one ma y

understand the decreasi no current f luctuat ions as being due to the compen-

sati ng effects of space charge in the drift region. However , no attempt has

been made to analyze the noise behavior as a ~LA nct i o n of current from the

onset of breakdown to norma l operating bias cj ~ rn~ ts in order to extract

useful pardineters of the diode.

An analysis of the short circuit noise curre~ ’. is presented

n e r e , and it i s  shown how experimental data may be f i t ted to un iquely
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determine the multiplication , M, and saturation current at the noise

peak. Uniform diodes are shown to fit the theory very closely , and for

mildly pathological diodes , these parameters can still be obta i ned with

reasonable accuracy .

The total short circuit noise current may be written as the sum

of three terms :

~total 
= 

~a + J(d 1 ) + je-~d 1 , (10)

where is the primary avalanche noise current , J(d 1 ) is the additional

current response of the avalanche caused by the voltage across the drift

r eg ion , and jew d1 is the displacement current. d1, the f ield fl uctuation

a r i s i n g  fro m the short  c i r c u i t  n o i s e  c u r r e n t  i n  the d r i f t  r e g i o n , i s  g iven

by:

d1 = - ( l / ev 5w) f [J~+J ( d1) ] (w -x)ex p[- iw (x~x 1 )/ v 5 ]dx~ (11 )
xl

where c i s  the dielec tr i c constant , ~ is the angular frequency , v 5 it the

saturated drift velocity , w i s  the  d e p l e t i o n  w i d t h , and x 1 is the width of

the avalanche zone. Eq. ( 11) is derived from the balance equation of Read. 84

For a double drift diode , Eq. (18) would be modified by the addition of a

simi lar integra l over the el ectron charge in a region (0 , x 1 ‘ ) to the left

of the avalanche zone.
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Performing the integration in Eq. ( i i ) ,  one obtains :

~~~Id
1 ~~~ 

+ J(d 1 )](l— f)(l—x 1 /w), (12 )

where the transit angle delay is given by:

f = [ s i n -  - j( l  — cos cj )] / sp , (1 3 )

and sp is the transit angle of carriers in the drift region. The avalanche

current generated in response to the ac f ield d1 is:

3(d1 ) = cw i~~
/ ( 1 + j e )  , (14)

where in the notation of the “quasi -stat ic ” approximation

= MJ 5 I a 1~/ cw 2 , a1 = ~( l/ M~1 )/~~0 , and 0 = M~~ T 1.

Substituting Eq. (14) into (12) gives the avalanche fiel d perturbation

caused by the primary noise current:

~wd 1 = ~( l_ f ) J~/ [l — j (l—f )80(l—x 1 /w)/(l+jo)]. (15)

The to td i short current noise current is then g iven by:

3tota l = J~ +j f(l 1 +(x 1 )] + -j(l-f -(l-x 1 /w)] - (16)
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Taking the mean square value of 3total’ one obtains in the lim i t of - small

transit angle:

~i
2> = <i 2> [ ( l+ - - - 2 )[l-~

2 (l+3x 1/w ) ( l-x 1/w )/ l2]/

{[l+~o~ (l-x 1/w)/2]
2+- 2[l-~~

2(l-x 1 /w)/3]}] , (17 )

where the mean square primary avalanche noise current is taken from Naqvi :85

= 2eI 5 M 3
~f [ l - ( l- k ) ( l -M~~~) 2 ]/ ( l+o 2 )

+2eI M 3
~f [ l- ( l- k~~ )( 1 - M ’ ) 2 ] / (1 + - - 2 ) . (18)

k , the ratio of the hole and electron ionization coefficients , i s assume d

to be unity throughout the remainder of the discussion.  This is justified

by the fact that the mult ip l icat ion at the peak is independent of k , so t h a t

f i t t ing to experimental data w i l l  not be aff ected by this assumption.

Eq. (1 7) now takes the form :

= 2eI 5M
3Af[1~ -.7(l+3x 1 /w)(1-x 1 /w)/l2]/

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , (19)

which in the limit of small current reduces to:

1 1w-i 2> = 2eI 5M
3Af[l-~

2(1+3x 1 /w)(l..x1 /w)/l2]/(l+~
2)

I~o (20)

For large current Eq. (17) becomes:

u r n  <i 2~ 8e~
2v 2A2 f/I (a1 

2i 1
2 (w-x 1 )

2(l-x 1 /w)
2 (~1 )
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Note that the short circuit noise current is inversely proportional to the

dc current , I=M1 5 , and the slope is given by:

B = 8e62v5
2A2Af/ (a1 j 2T 1

2(w-x 1 )
2(1-x 1 /w)

2 
, (22)

where A is the area of the diode .

In order to discuss fitting Eq. (19) to experimental data ,

it is convenient to explicitly introduce the bias current:

= a ’I 3/[(l+b’1 2)2+c ’I 2(l-d’I)] , (22)

where

a ’ = 2e~f/I5
2 ( 24)

b’ = (a ’ / B )~~
’2 (25)

c ’ = (wT 1/ I5 ) 2 (26 )

d’ = 2~b’/ 3c ’1”2 (27)

Differentiating Eq. (23) with respect to the current and setting the

result equal to zero , one obtains:

b’ 1 2 
= ( l+c ’ / 2 b ’ )  + [( l+c ’ / 2 b ’ ) 2+3]~~

2 (28 )

By taking the noise measurements at a suff iciently low frequency , one can

alway s make c ’ /2b’ neg ligible. Thus ,

b’I 2
k (29 )p

at the noise peak. And , since b ’ is inversely proportional to one

comes to the result that I kMpk is a constant which can be evaluated from

the high current limit in Eq. (21 ):
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IpkMpk = 3(B/2eAf)1”2 . (30 )

Mul tip li ca ti on and satura ti on curren t can be ex tracte d from ex per ime ntal

data using the slope of .zi2 > versus (1/I) to obtain the product in Eq. (30).

Since 1pk is experimentally determined , Mpk an d I~ at the peak are known.

Eq. (23) can then be used to describ e the mean square short circuit

avalan che no ise current over the en ti re range of bi as current .

(b) ~~periment

The mean square short circuit avalanche noise current of several

IMPATT diode structures has been measured at 30 MHz as a function of dc

current using the experimental setup shown in Fig. 8la. The diode noise

equivalent circuit shown in Fig. 8lb is assumed , where the thermal res i stance

R th and spreading resistance R5~ are negligible at 30 MHz. Since the space

charge res i stance Rsc i s ty pi c a l l y  20 o hms or g rea ter , choosin g the loa d

resistance RL equal to 0.2 ohm closely app rox i mates a short c i rcu i t. T hi s

greatly simplifies interpretation of the experimental data since measurement

of the diode impedance is not required. Calibration of the system is achieved

Ly substituting a signal generator for the IMPATT diode noise source .

An exam p le of the ex per imen tal no i se beh avior typi cal of a

un iform avalanche is presented in Fig. 82. The diode is a s i l icon X-band

IMPATT . At moderately high current the short circuit noise varies inversely

as I, and at low current there are no pronounced irregularities in the noise

data. One woul d expect that silicon would be more uniform than GaAs. and thus

fit the theory mo re closely. This is indeed the case , as seen in the figure .

The saturation current density is approximately .007 A/ cm 2,and ,although this

is a low value for si l icon IFIPATTs,it is still about three orders of magnitude
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Fig. 82 Fit of the experimental short circuit current noise data
of a uniform silicon IMPAIT by Eq . (30).

234

- ~~ ~~~~~~~
-‘-

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



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

SC5O17 .l 7FR

higher than one would expect from the best ava ilable bulk material . The

multiplication is about 1500 at the noise peak ,and it may rise an order of

magnit ude at opera ti ng currents depend ing upon the tempera ture depen dence of

the sa tura ti on current .

As an exam p le of an avalanche w i th some mi croplasma irregular-

iti es at low curre nt ,consider the experimental data presented in Fig. 83.

The d iode  is a C- band GaAs Read IMPATT with l ow-high-low doping profile.

Note that in spite of these i rregularities ,the agreement with theory is still

qui te goo d. In con trast to the s i licon d iode , the multi p l icat i on is about

440 at the no i se peak ,an d the sa tura t ion  curren t dens ity i s four an d

one h a l f  t ime s larger. The relatively high saturation current appears to

resul t in  l ower no i s e , however.

Sever:~l di odes of both materi al s d is played an anomolous hig h

cu rrent no i se behav ior ,as shown in Fig. 84 for three silicon IMPATTs .

Although the noise current varies inversel y as I in all cases , the i n t e r cep t

is observed to deviate from the origin. This deviation may be the result of

“excess ” noise in the case of Si 2-22-,and a current component which is

not multiplied by the avalanche in the case of Si N3-AA . Since a slope

is unambiguously defined in any event , the theory can still be applied to

ob ta i n a reason ab le es timate of the mul ti p l i cat ion an d sa tura ti on curren t.

As an example of the type of fit which can be obtained , consider the data

presented in Fig. 85 for a flat doping profile GaAs IMPATI. The intercept

of a plot of <i 2> versus (1/I) is observed to intersect the (1/I) axis.

Lea kage current is believe d to be res pons ib le fo r the anomo lous high current

behavior in this case , since no avalanche noise is observed for this diode
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of Eq. (30 ) for a GaAs f lat profile IMPATT ; for this
diode Mpk 200 and the sa tura t i on curren t is an order
of magnitude larger than that of the s i l icon diode
shown in Fig. 82
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r~ 3 HA of revei -Ne bias current. The theoretical fit based on the

exp vT - 1 e n~ Il slope is sti ll very close. Table 17 presents a summary of

resul ts obt a ined by applying the theory to experimental data.

The results clearly show that M is suff iciently low for many

avalanche structure s to significantl y alter their microwave

performance. For values of multi plication much less than l 000,it can be

shown that the phase angle by which the part ic le current lags the avalanche

excitation is less than 90 degrees. This degrades the diode negat ive

conductance and shifts the avalanche resonance to a higher frequency .86

In addition , low values of multiplication may make the diode unstable wi th

respect to therma l runaway .

A tacit question that has not been addressed exp l ic i t ly  i s

how the multiplication and saturation current characteristic of the

operating range of the diode are related to the values obtained at the

noise peak. A related question is why the large variation in junction

temperature seemingly does not effect the fitting of the experimental

curves. The answer to both of these questions lies in the fact that

very quickly afte r the noise peak is past the tim ean square current fluctuations

become proportional to the reciprocal of the bias current. Thus only the

product of the strongly tellmperature dependent multiplication and saturat ion

current can be observed . The only other strongly temperature dependent

parameter is the scattering limited velocity and its temperature dependence

is not strong enough to seriously affect the fitting of the e x p e r i i~~- f l ’L -1i

cur ves .
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Table 17

Suninary of IMPATT Data

Diode M
pk Is~

PA
~1

c-6 1 480 L89
(f lat  prof i le)

-______ _ _ _ _ _ _

‘) ~~ ‘)

1470 0.95
(flat profile)

N -3M 616 8.0
(I2HL)

676- l0#2 434 16.0
(LHL )

‘I,

4-A8
(0

(flat profile)
— 

666 112 204.0
(I2HL)
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An explicit picture of how the multipli cation and saturation

current vary over the operating range oi the diode can be obtained utilizing

the results of the noise analysis. If one assumes that at the noise peak

the junction temperature is essential ly at room temperature , the junc tion

temperature at higher bias currents can be calculated from the thermal

impedance of the mount and the electri cal dissipation. The particular

temperatu re dependence of the sa tura ti on current can be se parately measure d

below breakdown so that the saturation current as a function of the bias

current can be calculated. Dividing the bias current by the saturation

current then yields the multiplication. The results of such a calculation

are shown in Fig. 86 for one of the silicon diodes. Although the multipli-

cation is relatively high at low bias currents ,it f a l l s  to a v a l u e  less

than a hundre d at a bias corresponding to approximately hal f its rated

power output.

The i n tr i ns i c res ponse ti me of the a v a l a n c h e  has a ne g l ig ible

effect upon the noise measurements at 30 MHz. At higher frequencies the

effect of -r
1 is to reduce the noise monotonically. The analytical deter-

mination of the intrinsic response time is relatively simple. An express ion

w a s p revi ously der i ve d for the s hort c ir cu i t no i se cu rrent i n an avalanch ing

diode , Eq. (23). Examination of Eq. (23) shows that the only frequency

dependent term is c’ ; the intrinsic response time is obtained by merely

inverting Eq. (23) and differentiating wi th respect to

2 a l  d / 1 \T l = —

~~

- 

~ 
—p—- (31

UW \ ~-1 > /
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where a” = 2e~-f . The change in Eq. (23 ) w i th  frequency is i l l us t ra t ed  in

Fig. 87 where an intrinsic response time of 3 ps has been -issumed .

The following two graphs , Figs. 88 and 89 ~how recorder

tracings of the short circuit noise current of a silicon diode at 20 and

420 MHz. Applying Eq. (31 ) to the data of Fi gs. 88 and 89 yields an i n i i r i ’- c .

response time of 4 ps. A numerical calculation of the intri nsic response

time using the “Quasistatic ” approximation 76 gives 1 
= 2.7 ps without

taking into account high field diffusion efftcts. Including diffusion would

increase the response time giving reasonable agreement between theory and

experiment. Having shown reasonable agreement in silicon it is now possible

to proceed to the data on GaAs di odes,where it will be seen that although

the parameters derived from the noise and mi crowave admittance rneasureme ntr

are in good agreement ,the measured intrinsic response time is much higher

than theoretical estimates.

Figure 90 shows the short circuit noise current at 30 and

420 ~-1Hz for a flat profile GaAs C-band diode . The intrinsic response

time derived from this data g i ves -t
1 

= 15.1 ps. Qualitativel y one can see

that the steeper field dependence of the ionization rates in ~aAs ,which reduces

the effective aval anche width in a flat profile diode by almost a factor af

four ,will give a calculated response time of a p icosecond or l ess .  T h u s

the discrepancy between experiment and theory is quite large. In Sec . 6.4

on ionizat ion rates a ne- ti phenomenon is discussed that is probabl y respon’~i b l e

for this discrepancy in the intrinsic response times.
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6.3 Electrolytic Oxidation and Etchin g Techniques — Cornell University

The usefulness of native oxides i n s i licon integ rated c i rcuits

is widely appreciated ,and it was apparent that a similar oxide of GaAs would

also be quite useful as a mask for ion implantation and for stabilizing

junction boundaries. From this point of view, the N-rnethylacetamide solution

of Muller et a163 and the ethylene glycol solution of Hasegawa et al 87 were

investigated . It was found that a 0.lM solution of dibasic amonium phosphate

in water which is buffered to a pH of 4 with phos phor i c aci d p roduced high

quality anodic oxi de films on GaAs . Besides being economical , this solu-

ti on is quite stable against acid contamination (HC1 ) because of the relati vely

low dissociation of the salt and aci d used. The maximum film thickness that

could easily be obta i ned was 3600A. An approximate surface state density

was obtained from an MOS capacitor ,and it was found lie between 1011 and

lO 12/cm 2 for an unannealed film. Anodic films made with this solution were

pri ncipally used in subsequent work on GaAs ionization coefficients (Sec. 6.4).

The most stable junctions for this work were planar Schottky barrier diodes

, . . 4..~,-. ,-~1 -*.-.....,, u,- ....~-. 44,~~ ~~~~~~~~~~~~ ~~~~~~~ ...~. 4..-.-....1 4L.~~..... L - L .-1 . .  .. I- .. L .-. .J
U1 l~~~~~ f~~l U. l  Iu~~ . IIC I C l~~~lC J l U l I I I U u I ~ na~ ,u,~~.ci cu 5.111 uu~~ ii a i l u i c  c ,.L,,cu

the anodic oxide .

The experimental arrangement for preparing the films was to

imerse an appropriately masked sample into a beaker of the solution and record

the breakdown vol tage of the film as a function of the time for a specified

current . The maskin g technique employed was to anodize a polished sample of

GaAs and mask it with Apiezon wax leavin g a wi ndow of known area. The window

and a con tacting area were then cleared of oxide wi th hydroch loric acid

prior to anodizing the area in the window. The GaAs wafers used in these

experiments were of heavil y doped n-type substrate material . The anodization
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was carried out wi th the sample illuminated by a microscope l amp which

served to reduce the contact potentia ls , but was otherwise not deemed necessary

to obtaining good anodic films .

The firs t films were formed in an unbuffered solution (pH=7).

The cell vol tage versus ti me for several curren t dens i t i es i s shown in

Fi g.9l . Note that for the l owest current density the cell voltage does not

increase linearly with time , indicating a slight dissolution of the oxide .

An oxide film of several thousand Angstroms was observed to dissol ve if

l e f t  overn i ght in the unbuffere d solut i on.

Buffering the solution to a pH of 4 wi th phosphoric acid

reduces the solub ility of the film to a completely negligible value. The

cell vol tage versus time for this buffered solution , as also shown i n Fig . 91

for 0.3 mA/cm2,is quite linear down to the l owest measured current densities

( -  20jiA/cm~). Figure 92 shows that the rate at which the oxide film is formed

is linearly proportional to the current density al though the rate changed

with solution concentration . Film thickness was measure d ~y a Zeiss inter --

ference microsco pe and it agreed with published data .87 ’88 The breakdown

field in the oxide was observed to be at least 5xlO6V/cm . Somewhat thicker

films could be grown in a boiling solution as has been described by Spitzer ,

89et al.

An electrolytic etching technique has been deve l oped to thin

down the substrate for ionization rate measurements to l0-2Opm to permit the

i njection of minority carriers into the substrate side of the diode . In

this case a 1:4 solution of perchloric:acetic acid was used.9° At a current

density of O.3-O.4A/cm2 and a cell voltage of 20-30 volts a brightly polish ed
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etched surface was obtained. By means of pulse etching, very fi ne con trol

can be obtained ,so that the substrate can be completely etched away

from the lightly doped ep it ax i al layer permi tt i ng di rect examina ti on of

the interface .

6.4 GaAs Ion ization Coefficients - Cornell University

In  recent years , numerious experiment s 9
~~

93 have been done on

measuring the ionization rates in GaAs . However , the discrepancies among

data are uncomfo rtably lar ge. Al so , as opposed to silicon ~
4 it is d i f f i c u l t

to use the published ionization rates of GaAs to model an avalanche diode

successfully. In general , the ionization rates of holes and electrons

inside a semiconductor are not equal. Only in some rare coincidences the

ionization rates are equal; these are cases in which the difference in

ener gy loss by holes and ele ctrons due to scatter i ng mechan i sms ba lance

out the diffe rences in the threshold energies for secon da ry ionization .

Unfortunatel y, amon g all the analyses o f ex per iments conducte d on GaAs

most of them have assumed the ionization rates of holes and electrons are

equal. Exce p tions are ex per imen ts done by Still man et al. 93 and Logan

et al. 91

Stillnia n ’s ex per i men t93 used dif f-rent wavelengths of radiation

to injec t pure holes and pure electrons in a Schottky barrier . It is by

far the bes t method to p roduce pure carr ie r i njec ti on. Howeve r, the break-

down volta ges predicted by his ionization rates are l owr - than the experi-
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nienta lly observed ones. On the other hand , Lo gan ’ s experiments 91 used

complementary junction pai rs (p+n and ~+p ) to measure M n and M~ separately.

Besides the fact that the scattering environments are di fferent in different

junctions , the field profiles are completely turned around. Since M
n
(V)

wi l l  not be the same in p4
n and n~p junctions , with exact mirror image fie ld

distribution , it is diff icult to infer Mn :M~ as indicated in these

experimentally observed breakdown voltages and those predicted by their

measured ionizati on rates91. (38V observed breakdown versus 66V calculated

from their - t  and ~ for  N d lx lO 16cm 3.)

In the present experiment , a wide doping range (2.9xlO -

5 .1xl 0
16cm 3) has been examined and attempts have been made to present

ionization rates dete rmined at multi p lication values of 1 ~~ M ~~ 3 that are

consistent with the observed breakdown voltages . Data which are not consistent

in this regard are not used. Special efforts have been made to produce pure

hole and pure electron injection in the same junction. Care was taken that

the measurements ifidde oli diodcs were f ree from nicroplasma s and strong field

inhoniogeneity . Since the deduction of the ionization rates .~ and  ~ involve

differentiation of the experimental multiplicat ion curves , the effect of noise

is amplified. The accu racy of and i~ can be greatly im proved by recalcu-

lating Mn and M~ to match the experimental curves. A good agreement between

the two implies the cv and  ~ calculated are sel fconsistent with the experimental

data . Finally, using the adjusted ionization rates , the breakdown voltages

were projected and they were compared with the breakdown voltages observed on

a curve tracer.
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Baraff theoretically cal culated the ionization coefficients

using a general i zed distribution function 95. The assumption s in his calcu-

lation included isotropic energy dependent scatterings , energy independent

mean free path for phonon collisions , and simple parabolic conduction bands.

The fact tha t the ionization rates of electrons iv and holes i~ cro ss over as

observed in the present experiment cannot be predicted by Baraff ’s theory ,

has led to consideration of interband scatterin9 which limits the effective

elec tron ionization rate in narrow junctions. Anderson and C rowell 96

predicted that the ionization threshold energy for electrons in <100> GaAs

is 2.1eV , whi ch accor di ng to Cohen and Be rgs t resser 97, lies in the second

conduction band . Thus an electro n accelerated in the 100 direction iust

undergo a transition to the second conduction band in order to reach the

threshold energy for ionization. A qual i ta t ive explanation of the effect

of this scattering will be given . Also a discussion on the difficulties and

uncertainties of the experiment will be presented.

(a) Theory

The deduction of ionization coeff ic ients - s  and - from multiplica-

tion data M and M~ are not straightforward. They invo l ve the di fficulties

in solv ing the integral equations. McKay 98 used the Towns end th e o ri es of

avalanche breakdown in gases to derive the avalanche process in semiconductor.

He assumed the ion izat ion coeff ic ients of holes and electrons are the same

and cal culated the ionization rates for linear and parabolic field d~ctr i hu-

t ions . Mj l le r 99 conside red the general case that ~~~~- - wi th a linear f i e l d

2 ~
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distribution . The equations which give consistency in field distribution

are given by Lee et a1 94 :

- 
1 

= f

W 
exp 

[ f ( m ø d
~~ dx ( 32)

- ~ exp j f (
~-~

)dx ’ Idx (33)

in  
~~ 

=f (~-8)dx (34)

where M n = multipl ication with pure electron injection

M~ = multiplication with pure hole injection

= ion i za ti on coe ff i c i ent of elec trons

= i on i zat i on coe ffi c ient of holes

w = depeltion width of a one sided abrupt juncti on .

Onl y the punch-through and non—punch-through one-sided abrupt junc-

t ions w i ll be cons i dered i n the follow i ng. For the linear fiel d d is trib ut i on

of step junctions in n-type diodes , the boundary conditions in Fig. 93a were

used . The relat ions of cv (Em ) and 8(Em) with Mn and M~ can be deduce d from

equations (32), (33) and (34):
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Fig. 93 (a) Boundary condition s , for the non -punch-through d iodes.(b) for the punch-thr ough diodes
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d(lnM ) M -l d (lnM )
a(E~ ) = E dV - - dV (35 )

E d ( l nM )
t3 (E ) = ~~ (36’m M n dV

where Em = maximum elec tr ic f i el d.

For the punch—thro ugh case, the boundary conditions are shown in

Fig. 93b. The relations of cs(E
m ) and 

~
(E m ) wi th Mn and M~ are :

____ - 

d( 1nM~) j + ~~ cs(Emin )+~~_—_ ~[4Emjn
)_

(37 )

8(E m ) = 
~~~~~ d (1nM~ ) 

+ 
~~~~~ 

6 ( E~~~)+~~ . [rs (Emin )~
8(Emin )] (38)

w here Emi = E — 
~~~~~~~~ = mi nimum electr i c f i el d. For pr ac tical purposes ,

m (Em in ) and 8(Em in ) were neglected. Since in all the experimen ts conducted

,+ ~~~~~~~ 1~~ 1A l / ~~~ ~~~~ a ,.,n., l~~ k~~ ~ * f - ~~ ~~L — Lm i n (V C C U I. C (1) 5. I A I U V / ¼.l II , U UI I ‘1 p (VU U ‘A t IC  U 5. I C .) 1. -~~‘ — - ‘~ r ~~~~ - , U -

magnitude down . Neglecting cs(Emin ) and 6(Emin )~ 
one obtains for the punch-

throu gh case:

a(E
~
) = 

~~[d(1nM ) M~
_ l d(lnM~) }

d(lnM )
~

(E m) = W dV~ 
(40)
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It is obvious that equations (39 ) and (40) can be applied only when the

electri c f ie ld punches through before any observable mult ipl ication occurs .

If neglecting (E
m i n ) and 

~~m i n ~ 
in equations (37 ) and (38 ) is intolerable ,

the error wil l  show up on the regeneration of Mn and M~ as described below.

However , corrections can be made on a and ~ to minimize the errors .

(b) Experiment

In order to make as accurate a measurement as possible or the

ionization rates , it is essential to have pure carrier injection in a diode

which has uniform multi p li cat ion over the whole area. It is also important

to check the deduced data with the experimental ones to minimize systematic

errors .

The diodes were made on n-type epitaxial l ayers grown on n~
substrates. The dopings of the act ive layers ranged from 2 .9x 10 15

cm 3 to

5.lxlO 16 cm 3. The structure of the diode is illustrated in Fig. 94. The

residual thickness of the flat bottom well on the substro L~ side is approxi-

mately 1 mil. An electrolyte composed of four parts of acetic acid and one

part of perch loric acid (see Sec. 6.3) was used to anodically etc h out the

well. The cell voltage during etching was kept at 20V . Approximately

600A of platinum was sputtered on the active layer side to form a Schottky

barrier. Platinum was used instead of aluminum to form the Schottky barriers

because the sintered platinum barriers have consistently higher breakdown

vol tages than the aluminum barriers . Al though al uini nun has the advanta ges
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Schottky barrier

n-type active layer I m El .

5:: :
st rate

C 

5mil.

Fig. 94 Diode structure used in multip lication measurements .
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of forming a chem icall y stable interface on GaAs 100, the reverse charac-

teristics of the diodes are quite sensitive to prior surface preparation .

Sintered pla tinum fort s the compound PtAs 2 which is a degenerated p-type

semiconductor 101 . Therefore , these barriers are less sensitive to residual

surface  sta tes at the i n ter face .

Pure electron injection can be achieved by illuminating the diode with light

energy between 0.9 eV to 1.4 eV. Within this energy range , the radiation

canno t have band to band exc i ta ti on , but the energy is high enough to excite

elec trons i n the metal ove r the Scho ttky barr i er . A sim i lar resul t can be

obtained by i rradiating an opaque platinum contact wi th radiation higher

than 1.4 eV. Holes can be injected into the high field region by illuminating

the back of the diode wi th light of energy greater than 1.4 eV . The generated

holes will diffuse towards the depletion reg ion and start the multi plication

process. This is the reason for etching the diode down to 1 mil .

The experimental set-up for the mul ti pl i cat i on measuremen ts i s

similar to that of Ref. 94 an d i s i l l u s t r a t e d in Fig. 95.

The field homogeneity inside the diode is cruc i al to the accurac y

F 
of the measurement. Since the ionization coefficients are strong functions

of the e l ec t r i c  f i e l d , a small fl uctuation of the field inside the diode wi l l

affect the mul tip licat i on factor . In fact ,

= K~~~- (41 )

E = E 0
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REFERENCE SIGNAL M ICROSCOPE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
D I S C  M O T O R  ADJUSTABLE

_ _ _

COLLIMATOR LENS

~~~~~~~~~~~~~ 
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Fi g. 95 Experimental set-up for the multi p lication r~e-3s ure-
merits.
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where E = change of electric field

E = e lectr ic f ie ld  at which mul t ip l icat ion equals M0
K = constant , approximately 5 for M0 2.

It is obvi ous that front equation (41 ) a small field fluctuation inside a

diode will result in a large multiplication fluctuati on if M is large.

The refore , it is possible to study the uniformi ty of multiplication inside

the diode to infe r the uniformity of electric field. To do this , a fine

focus  beam with approxima tely 8om diameter spot was scanned throughout the

whole area of the diode , while the diode was biased at a low voltage to

produce unity multip lication. Such traces are illustrated in Figs. 96a and

97a, and they are used as references for light response at different parts of

the diode. Then , the same procedure was carr ied out w i th  the diode biased

at higher voltage with multiplicat ion factor of approximately two . These

traces compared wi th the previous reference traces gave mult iplicati on

factors in diffe rent parts of the diodes. Fig. 96b (as compared with the

refe rence of photoresponse in Fig. 96a ) i l lust rates a non-uniform field

built-up on the right side of the diode , whi le Fi g. 97b i l lustrates a diode

with multiplication fluctuation less than l5~- (i .e. , fiel d fluctuation less

t h a n  3~ ).

Several measurements of the mult iplcat ion versus reverse bias

were made. The doping of the active l ayers ranged from 2.9x1015 cm 3 to

5.lx l O16 cin 3, cover ing f i el d va l ues from 2 .2xlO 5V /cm to 4 .7x lO 5V /cm . The

li ght sou rce for illum i na ti on was a mercury arc lamp. Interference f i l ters
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Fi g. 96 (a) Photoresponse of a diode , biased at M-l , (b) biased
at M~ 3 illustrating a non-unifo rm field building up at the
top right corner of the diode
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we re used to provide a narrow band light source. In some cases , a Helium

Neon l aser was used as a strong lig ht sou rce to inject holes. Table 18

summarizes the conditions of experiment done on various samples.

Af ter the curves Mn an d M~ versus vol tage were ob taine d , base-

l i ne correc ti ons 102 such as space charge widening effect and Schottky

l owering effect were tiade on appropriate samples. Then the multiplicati on

data were numerically calcula ted according to equations (39), (40), or

(35), (36) for the punch-through and non-punch-through diodes respectively.

The calculated ~ and ~ were plotted with the inverse of the electric field

square in Fig. 98.

To m i n i m i z e  the sys t ema t i c  errors  in calc u la ti ons , the a and

8 for each diode we re fitted to curves in the fo l l o w i n g form :

a = A exp [-(a/ E) 2] (42 )

where A and a are two constants for best fitL ing. The deduced cv and 8

were numerically i nte grated to rep roduce Mn and M~. These calculated Mn
and M~ were then checked with the experimental ones to ensure self-

consistency .

To fur ther clarify the data in Fig. 98, the hole i oniz at i on

coefficients were aligned by best fitting the data in all doping ranges

to the form of equation (42). (The argument for the validity of this attempt

will be given later.) The electron ionization coefficients were then aligned
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Fig. 98 A plot of avalanche coef f ic i ents vs inverse of square of
e lect r ic  f ield before any adjustment wa s made
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correspondingly. The adjusted data of 1 and are shu~n in Fig. 99. The

shif t  of the curves of w i l l  be explained later.  It is clear that

at hi gh doping range , ~ is greater than ~v , wh i le  at the low doping end . - v  I S

grea t e r  t h a n  ~
- . Table 19 summa rizes the hole and electron ionizat ion

coeff ieints measured in this experiment.

Although the diffe rences of and are not large , the cross -

over is definitely present. Figur e 100 shows the M and M~ curves in the

high dop ing range while Fig. 101 illustrates Mn and M in the low doping

range. It is clear that in Fig. 100 for high doping M~ is larger than M~.

Referring back to equation (34 ) ,  ~ in the high doping range is definitel y

large r than -i . By the same argument , -
~~ is larger than ~ in Fig. 101 . The

above information does not involve any systemati c error in calcu lat ing a

and B since it is di rectl y read off from the experi mental curves of Mn and

M .p

The br -edkd ow n conditions for the junctions arc Mn ~~~ and

M -
~ ( i .e. ,  the right hand sides of Eqs. (32 ) and (33 ) go to unity).  The

va lues  of -~~ and B in Table 18 are used in the numerical integration to find

the breakdown voltages vs doping of n-type one-sided abrupt junctions. The

results together with Stil lm an ’ s?3 Logan and Sz&s9 1 and Sze and Gibbons ’103

are plotted together in Fig. 102. The present data match closely with the

experimentally observed ones.
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PLOT OF IONIZATION COEFFICIENTS vs
INVERSE OF ELECTRIC FlE E D SQUARES
WITH HOLE COEFFICIENTS ALIGNED

0 HIGH DOPING RANGE a
• MEDIUM DOPING RANGE a

JQ~~~~~~ 
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~~~I0~~T

2 1 I I ItO ,~ 2 4 6 8 10 12 14 16 (8 20
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Fig. 99 Adju sted and vs inve rse of square of e lec t r ic  f 4 e ld.
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Table 19

Summa ry of Ionizat ion Coef f ic ients

A exp [-(a/E 2)] 

_  
~~~
____~~~~±_____ _

~~~~~ 
_ _ _ _ _t_~~~

Low doping v 1.97 x 10~ 5.58 x lO~

Medium doping ~ 4.54 x l0~ 6.28 x lO~

Hi gh doping a 1 . 8 3  x l0~ 5 .79 x 1O~ -

S 4.10 x l0~ 6.34 x ~~

- - I








































