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E V A L U A T I O N

1 . This repor t is the Final Report on the contract. It
cove r s  r e s e a r c h  done  on g a l l i u m  a r s e n ide l iq ui d ph a s e
epi taxial structures for injection lasers during the
period 15 April 1975 — 2 February 1977. The objec tive of
the research is the development of a distributed feedback
laser for use in fiber optic communications and optical
s i g n a l  processing. This phase of the work addresses the
problem of g r o w i n g  g a l l i u m  a r s e n i d e  ep itaxial structures
sui table for fabrication of the device. The approach is a
new one and off ers the potential for improved performance
in an in tegrable laser source.

2. This work provides valuable basic informa tion relevant
to fabrication of new and improved optical sources for
USAF app l ica t ions  in comm u n i c a ti ons  and s ig n a l  pr ocessing.
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SECtION I

I NTRODUC T ION

Laser diodes , whose active region is in the form of a grating , show
promise in integrated optical .ipplicdtions . Such struc Lli re s are i .u.iil y
prepared by producing periodic variations in the width of either the active
layer , or in one of the confining layers of a heterostructure . Thus , t I I

• effect , the real part of the propagation constant . is varied.

The present project was undertaken to determine whether a grating
structure could be made in which the gain or imaginary ma rt of the prop i—
gation constant could be varied , and whether such a structure wouid exh ib it
the same properties as do convention .il gratings.

During the course of some prelim inary investigations ,
1 

it was shown
that proton bombardment reduced the number of carriers in GaAs . In partic-
ular , the reduction by proton bombardment of t h e  carrier concentr ation in
the active layer of a heterostruct .ure laser was accompanied by a corres-
pond ing increase in the threshold. At the same time , there was no decrease
in the forward current of the bombarded lasers .ince the current throug h
the active layer takes p lace by the diffu sion of in~ected minority c urlers
rather than by the drift of majority carriers. Anned lili ci restored tie free
carrier concentration in the active region and lowered he laser threshold
to near what they were before bombardment. It was post ulated that the
increase in threshold resulted from optical absorption by carriers tr ipped
at bombardment induced defects.

The present program was undertaken t.o discover wha t combination of
bombardment (through a grating mesh) and subsequent annealing would sli ght-
ly increase the absorption so that the net ,iain would have a periodic
variation of about 10....

The morphological requirements on the layer stricture are fairly
severe. The surface roughness over .1mm 2 area (i.e. the urea of .i laser
chi p) of the slice mus k . be of the order of the wavelength of li ght. More-
over , the junction must be within ~ uj n of the surface for 200keV pro t ons
from the bombarder to penetrate to the active regi n.

The norma l double heterostructure s requ ire that. there be two layers
between the active layer and the surrace . Table I is a comparison of the
various heterostructures discussed in this report.. It h id been wid ely
mentioned in the literature tha t it is difficult ~o mna k~ . low resistance
ohmic contact to a bare AlGaAs surface. Therefore , a pure •lermanium loped
GaAs contact layer is usuall y grown on the AlGIAS-Ge con fin ing layer . in
all the devices we have made in the past , this layer was Il~- ‘our thick.
Obviousl y, such a structure could not be used for the bum ardment of he
active layer by 200keV protons. In our initi al work , .m eV uru~.on from a
Van de Gruaf accelerator were used
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TABLE I

Sfl~U C1 U RE OF VARIOU S TYPES OF DIODE LASERS

* 
Thickness

Layer it Composition Impuri ty ~ m 
— 

Funct ion

Double Hete ro junc t ion

1 Al 2Ga 8As Te ( n — t y p e )  1—2 Opt ica l  c o r f i .
men t

2 GaAs Si ( n — t ype)  .2- .5 Active reg i.~ il

3 Al 2Ga 8As Ge ( p — t y p e )  1—2 Opt i ca i  at
trori confi~.~~ .-r.t

4 GaAs Ge (p- type)  2 Contact

Single Heterojunct ion

L GaAs Te (n—type ) 2 Opt ical c o n f i n e -
men t

2 GaAs Ge (p - type)  1 Act ive  reg ion

3 Al 2Ga 8As Ge (p- type)  1-2 Optical  and aloe -
t ron conf inemen t

4 GaAs Ge (p - type)  1-2 Contact

Inver ted Singl e Hetero junc t ion

1 Al 2Ga 8As Ge (p - type )  1—2 Opt i ca l  and elec-
tron conf ir or r t n t

2 GaAs Ge (p-t ype ) I Active region
- 

3 GaAs Te (n—type )  1—2 Optical conf ine-
men t and con tact

*Layer 1 is nex t  to the substrate or the b u f f e r  layer .
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To solve the problem of making a shallow junction structure with an
ohmic contact , we devised and made the so—called inverted single hetero—

m c  L ire shown in Fiq. I. A pure n—type GaAs—fe si rig le hetero ,l . riic ire
confining layer would be used as the surface. thus , the polarity of lie
dev ice wou ld be the reverse of the norma l polarity . In this structure p-
type substrates were not readily available. Instead , we hoped that the S

junction at the substrate (or at the buffer layer) would be so heavil y
doped that reverse conduct ion across it wo u ld be by low res ist ance reverse
t unne l ing .

There were many opt ions initia l l y  open to us for the fabr icati on of
the lasers. Homojunction lasers could have been made by diffusion or by
vapor phase epitaxy. However, we felt that the ultimate GaAs integrated
optics structures wo uld have to be made by LPE . Therefore , we chose th is
somewhat more difficult technology in preference to the others.

In this program, we enco untered two types of problems. The most S

striking were the problems associated with poor morphology of the layers.
The other problems co ncerned the poor perform ance of those dev ices which
we were able to make. Throughout the whole course of this investi gation ,
we thought that these two problems were related. We thought that the
devices performed badly because the morphology was poor. However, more
carefu l analysis of our complete results indicates that the difficulties
which were encountered in making successfu l lasers could be attributed not
t.o poor morphology , but instead to the fundamental nature of the structure
which had been made.

There fore , the f i r s t  part of this  report will be concerned with the
device performance. The results will be presented , and the reason for
the poor performance will be described. Changes in the laser fabrication 

S

proces s and dev ice struct ure will be presented ; these cha nges are log ica l ly
designea to overcome the difficulty in the basic structure.

The n , because morphology is s t i l l  an important  cr i ter ion in the LPE 
S

process , i t  w i l l  be discussed in some detai l  in re la t ion  to the resul ts
of the present investigation.

F i n a l l y ,  in an Appe nd ix , the LPE apparat us is described in some d e t a i l .

-3—
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FIG. 1 Photornicrograph of a beveled and stained section
of an inverted single heterostructure. Note that
a GaAs-Te buffer layer was grown before the
A].GaAs-Ge layer. In this early run, the layer
thicknesses were a factor of ten larger than
required.
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SECTI ON 11

DEV ICE PROPER t IES

At several stage s of th i s  i n v e st i g a t i o n , st ruc tu r e s  were made w h i c h
appeared to be s a t i s f a c t o r y  for  m .i k i i i ~ dev ices .  Diodes and ev en lasers
were made from the inver ted  s i n g l e  t i e t e r o s i r t i u t t i r e s .  T a b l e  Ii is a ummary
o f the properties of some of these d e v i c e s .  However , e s p e c i a l ly in  t h e
case of run 2/5/76 , the dev ices  tended to hort. under  the s l i g h tes t  e lec t r i -
cal s t ress .  They would  shor t  even under  x nil n i t i o r i  on the  curve t racer .
In add i t ion , the laser  threshold increa sed  d u r i n g  o p e r a t i o n  w i t h i n  m i n u t e s
u n t i l  threshold could no longer he reachcd  n f o r e  the d e v i c e  would burn  o u t .

At the time , the r e l a t i v e l y  hig h app ireni. L h r e s h o l i  cu r r en t . c le i i i t i es
and the tendency of the devices  to burn o u t  were a t t r i b u t e d  to p i t t i n g  in
the various layers and to optical losses i t  the meta l  contact .  In add i t i on ,
it turned out that the reverse biased junction at the substrate was recti-
fying as shown in Fi g. 2. We were concerned that heating effects at this
junction might have con t r ibu ted  to the device degradation.

At that point in the investigation , we decided to grow conventional
double heterostructures without  the contact  layer .  Others have reported
that for  pulsed operation 2 it was not d i f f i c u l t  to make a s a t i s f a c t o r y  contact
to a bare A 1GaAs su r f ace .  The A 1GaAs would give adequate  opt ical  conf inement
to avoid possible losses at the con tac t .  Moreover , there would be no ser ies
rectif ying junct ion and most important  the j u n c t i o n  would s t i l l  be close to
the sur face .  Moreover , we reasoned that  s ince we could make both the normal
and inverted sing le hete rostructures , we could a l s o  make a double hetero-
structure (DHS).  During the at tempt  to make the DHS , serious problem s were
encountered with morphology.  These w i l l  be described and discussed below .

The next  successful  s t ruc ture s were made towards the end of the program.
These were homojunct ion . Many runs were made which were morpho log ic a ll y sou nd ,
and diodes were successfully made from the two slices we tried. Again the

S diodes burned out under  mi ld  s tress.  Moreover , t hese d iodes  we re on l y weak
l ight  emitters and there was abso lu te ly  no improvement in performance at
l iqu id  ni t rogen temperature . No laser  ac t ion  was observed.

It was postulated that these devices did not work because there was no
carrier confinement in the p—type layer. The p-type layer had been delib-
erately doped heavily in order to reuuce the diffusion length to less than
the i.& m th ickness  of the p-type layer. The emission waveleng th of .9~ ~m ,
and the sof t  reverse breakdown at  — 5 V attested to the successfu l heavy
doping of both the p and i~i layers . These devices should  have worked at
liquid ni t rogen t emperatur e~ the d i f f u s i o n  length drops o f f  r ad id ly  w i t h
temperature and there would bc io poss ib i l i ty of n o n r a d i i t i v e  su r f ace
recombination .

_ _ _ _  _ _ _ _ _ _  - -  — -
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE II

CH ARACTERISTICS OF LASERS
MADE FOR THIS PROGRAM

Run it Run #
12/17/75 1/

Weight of Te in buffer layer 138 211

solution (mg)

Wei ght  of Ge in A 1GaAs 523 713
layer solution (mg )

Weight c f Ge in active lay er 47.2 11.2

solution (mg)

Thickness (~ m)
Act ive layer 1.5 .9
Conf in ing  layer 1.5 1

Breakdown voltages
Reverse 6 12

Forward 2 2

Laser Threshold (kA/cm
2
) 14 14

Emission wavelength (A ) 8700 8560

-6-
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FIG. 2 i-v characteristic of an inverted single hetero—

structure. The “laser ” junction was biased

forward to the right. The right hand breakdown

is that of reverse biased junction between the

GaAs-Te buffer layer and the A1GaAs-Ge confining

layer. Horizontal scale 2V/div; vertical scale

lmA/div
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The second homojunctiori structure had a p-type layer which was dopedless heavily, but this did not work either.

Finally, a morphologicaj.ly sound double heterostructure was made , anddiodes were made from this slice. They rectified , but again they shortedunder very mild stress. At both room temperature and at liquid nitrogentemperature, they barely gave off light and showed no signs of laser action .
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SECTION III

LATERAL RESISTANCE

The reason for the poor devi ce behavior lies in the very struct ure
which w~iS desired. Fig. 3 is a photomicrograph at 200X of the to p cont act

S to a chi p made for this project. The gold bonding wire was 25~.un in diameter
and the wire was bonded at several points to the metallized top surface of
the chip. The assumption was that the lateral resistance of the contact
layer and the top semiconductor layer was small so that the current flow
was uni form across the whole area of the junction.

In pract ice we observed that burn out occurred in the area under the
wire bond . This has led us to the conclusion that the lateral resistance
of the surface epitaxial layer is large compared to the transverse resis-
tance of that portion of the layer which was directly below the contact.
rJ~is is illustrated in Fig. 4, where a idealized contact scheme is shown.

- It can be proved that the ratio of the lateral resistance rj to the trans-
verse res istance r1 is given by the express ion

rL/rT (L0/T)
2F

where
F= ln(L/L0) circular case

F= L/W rectangular case

In both cases , F is of the order of unity. However, L0 lO~jm while T
1~gn. Therefore, for the present structure RilR1 -~~ 100. Note that this
ratio is independent of the actual resistivity of the layer.

By contrast , this structure is very different from conventional laser
structures. In these structures, the junction has been at least 10 ~m from
the top surface, and RL/RT U This means that whereas in the former
structures the current was indeed uniformly distributed across the junc-
tion , in the structures made for this program all the current was conf ined
to the small area under the wire bond .

Thts condition had two consequences. In the first place , there is
the obvious effect of heating. The current density under the contact was
a factor of 100 higher than it would have been if the current had been
uniformly distributed. This explains why the diodes tended to burn out.
readily. In addition , heating lowered the quantum eff iciency and raised
the threshold. Finally, there was the more subtle effect of the absorp-
tion los ses be tween the emission region under the contact , and the cleaved
facet; these losses contributed to the poor device performance.

In the light of the nature of the lateral resistance, the function
of the metall ization might be questioned. The metallization in this
case does not serve as an electrode.

-9-, 
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FIG. 3 Photomicrograph of the top view of a wire bonded
chip. The gold wire \~~s .001” in diameter ; thebonding wedge had a radi~ s of .0005” and a length
of .002”. Note how small~the contact area was in
comparison to the area of the chip.
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CONTACT

T SURFACE EPITAXIAL LAYER p-n JUNCTION

T

FIG. 4 Schematic di .qram of the relation shi p between the
transverse re’,istance under the wire contact and
the l a t e ra l  r e s i s t an c e  of the su r f a c e  layer
ra~~~a t i n - ,~ froia the con tac t .
( a )  Top v iew of a square  chi p; (h ) top view of a
lo ng rec t .~ n au l r ch i p ;  ( c )  cross sec t ion  of the
sur f  ice  layer  and the  c o n t a c t .
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The m e t a l l i z a t i o n  wa s needed f i r s t  because wire  cannot be bonded directly to
bare gallium arsenide; furthermore, the contact between the normal bonding
metals , such as gold and a l u m i n u m  and the semiconductor gallium arsenide , has
a high resistance , and is rectifying. The interposition of a specialized
m e t a l l i z a t i o n  was needed for  bonding and for  low res i s tance  ohmic contact .

Apparently, therefore , the achievement of the required device structuze
with  the junction close to the su r face  gave rise to the l a te ra l res i s tance
which prevented the devices from functioning correctLy.
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SECTION IV

LASER FABRICATION

In the light of our understanding of the high lateral resistance of
the surfa ce layer, modifications of the laser fabrication process can be
suggested. In the first p lace, it is obvious that the finished device must
have a conduct ing layer, at least l0~.un thick, between the wire bond and the
junction .

The two mi cron junction depth is needed y where the protons must
penetrate. Thus, a lO~p-i surface layer with 8~p~ grooves would be satisfac-
tory. Fig. 5 is a scanning electron micrograph of a raster sputter-etched
on a GaAs surface. The periodicity was 4~ja and the sputter etch aspect
ratio was more than 10:1. The raster pattern was created by contact photo-
lithography in Ship ley photoresist, and the photoresist was used directly
as the sputter etch mask. This technique is adequate for the 3 ~m grating
periodicities designed for the present program.

In this structure the current is not confined to the stripes which
are not etched. The current under the wire contact which we have been
talk ing about is relative to the chip size. This is of the order of
hundreds of microns. The confinement to adjacent stripes 1.5 ~.m apartwould be negligible.

Superficially, the problem seems to be with a wire bond , or more
specifically with bonding by means of a pointed tool. The chip might
be soldered upside down on the header. There would be the required
broad area contact to the junction, and the wire bond wou ld be made to the
2001un tk-.ick substrate. In practice, it is very difficult to solder a chip
upside down Ofl a header. The solder usually shorts out the junction even
when it is a good deal deeper than l~im. However, the prob lem of providing
a thick , broad area metal electrade has been solved precisely in connect ion
with soldering the chip upside down.3 The objective in that effort was to
provide a broad area heat sink for the junction. In this technique , the
surface is metallized as usual and then the thick layer is built up by
electroplating. In the present application, the

4
required raster would be

created by electroplating or by sputter-etching. Then after the proton
bombardment , a gold layer 10-20 p.m thick could be electroplated and the
chips could be made. 

-

In t h i s  way, some of the better slices made for this program can be
used to make lasers.
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(a)

(b)

FIG. 5 Scanning electron micrograph at 10000X of a raster
sputter etched in GaAs . Note the steep aspect
ratio of the sides.
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SECTION V

MORPHOLOGY

There are four major  classes of morpholog ical  defec t s  in ep i t a x i a l  S

layers grown by liquid phase epitaxy:

1. Pits in the layers  were caused pr inc i p a l l y by the incomp le te  we t t i n g
of the subs t ra te  (or p rev ious ly  deposi ted l a y e r s)  b y the g a l l i u m  s o l u t i o n .
Pi t t i n g has a lso been caused b y d i s s o l u t i o n  of p r ev ious l y deposi ted layers
a nd by therma l e tch ing  of the subs t ra te  be fore depo ’.; i t i o n .

5 2. Heavy surface deposition from drops of gallium solution which were
carried over from the last deposition. Thus , while a t  ‘ ome ar e a , of i

slice , wetting may have been incomp lete , in other areas the wetting was too
great and the boat failed to decant the solution.

3. The surface is always rippled to a greater or lesser extent. This
is almost  inherent in the process. The deposition temperature is far below
the melting point. Many deposition nuclei grow, and the growth rate is
rapid and statistically variable. Vapor phase epitaxy produces better
morphologies than does liquid phase epitaxy , and ep itaxial deposition of
silicon is better than that of GaAs.

4. The better the gross surface morphology is , the more readil y can
subtler defects be observed. Meniscus lines are obv i ousl y unique to LPL .
Stacking faults occur in LPE grown layers. I’hey are considered serious
defects in silicon epitaxi al layers , but they were mostl y seen in relativel y
smooth , high quality LPE layers. S

Some of these classes of defects will now be discussed in more detail , S

spe c i f i c a l l y  in r e l a t i o n ship  to the r e s u l t s  of the  p resen t  program .

PITTING

Fig. 6a is a X photoqrSloh of a pitted ep it ax ia l layer. Not.e that the S

p i t s  were for the most. p ar t  ar r ayed  in s t r eaks .  F i a .  (d l shows some of these
p i ts at  l 000X. fhese p1 w a r ~ j m r i u i ne p i ts and we r-i no t  the re’5u 1 1 of
scr tches as F ig .  u . m i g h t  , j n e r l i c  1s~ I ly  i i g q e s t .  towe ’;er , t h e  st.re k~

, du
imp ly tha t the p i t t i n a  Wa 3~~ oni how a so c i s t . e d  w i t h  he f b i  i on  of ‘ a l i ce
i n he b o a t ;  the s t re  ks were i ndeed pa r a l l e l  to the  d i r ’ ’ c  ion  of c i  mo —
~ior i . Mo reover , the e arn  i n t h i S i t i l y the ‘ l ide r  was i n  ( o u t a ct  wi th the

S b o a t , or the less the s l ice  c le S ,r S nce w a s , the  more he u ’ i t s were ar rayed
in s t r e a k s .  F i n a l l y ,  the s t reaked  p i t s  were e l i m i n a t e d  when a bo at  made of
ha rd Poco graphi te  was used.  liven t.he n as tI c’ h ard ened ir ip hi  te s u r f i c e

- 
wor e wi t h use , the pits reappeared .

These obse rva t ions  led to the conclus ion  tha t  there was incomplete  or no
we t t i n g  where g rap hi te p a r t i c l e s  were ab r aded  on to  ‘ tie ~~~ ‘u r f ace .  Hot

S - i s-

- -. 
_ t -

~~_.,_ -.‘ .-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~S S 

-



— _ _ _  _ _ _ _  
_ _ _- . . .- . 

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

gallium does not wet graphite ; this property is an advantage for boat con-
struction , but obviously clumps of graphite particles on the GaAs surface
caused trouble.

It is still uncertain how the particles get onto the GaAs surface .
Early in this program , blank experiments were performed in which slices
were run th rough an empty boat at hig h temperature . There was no ~ i~jn i f i -
cant evidence of particle depostion or oxidation . A possible explanatios is
that the graphite particles were picked up on the surface of the iouid 

S

charges and thus deposited on the surface of the GaAs. There was scant
evidence for such a hypotheses. It did seem that the morphology degradc’d
as charges were reused over and over aga in . However , the s ta t i s t it a l  eviceas
for this was unconvincing ; there were many spectacular failures with new ch~ ra’’~.

Oxygen and oxides of gallium have been blamed for a variety of LPE
problems. Certa inly, the recent successes of selective LPE show that  a a k l i s r
does not wet Si0

7 deposited on GaAs. Early in the program the system ets S

checked with a helium leak detector , and after simple fixes the system vas
found to be tight. On the other hand , the system could never by e v a t u .ited
to a pressure below .02 Torr, even with no boat in the system . Finally,
toward the end of the program , appreciable oxide films were noticed at the
conclusion of each run. It appeared that after years of use , the hydrogen
purifier had finally developed a leak. However, by this time the pitting
problem had been eliminated by the use of a new graphite boat.

One problem which may have had something to do with surface wettinq
and oxidation was the difficu lty of depositing an aluminum gallium arsen i~~~
layer on a substrate surface . At the time , it was hypothesized that the alu-
minum in solution reacted with the native oxide on the bare substrate to
form aluminum oxide patches on which no semi conductor deposition could take S

place. The problem was solved by depositing a pure GaAs buffer layer on 
S

the substrate . then the aluminum-gallium arsenide was successfull y grown
on the in situ prepared surface.

Finally, the occurrence of melt—back gave an appearance of pitting . S

Fi g. 7 is a beveled and s ta ined section of an ear ly run in which
there was extensive pitting and melt—back. Note however , that at least the
A1GaAs—Ge layer wet the GaAs—Te buffer layer.

DEPOSITION FROM GALLIUM DROPLETS

A drop of gallium solution sometimes appeared on the top of a finished LPE
slice . Under the drop was a thick surface layer deposited by the cooling of the
solution all the way to room temperature . This layer was not harmful in earlier
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(a) (b)

FIG. 6 Streaked arrays of pits in GaAs.
(a) Magnification 2X, (b) Magnification 1000X.
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FIG. 7 Beveled section of an early inverted single hetero—
structure . Complex effects of imperfect wetting
and m e l t — b a c k  can he seen.
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i n ve st  i q i t . i o n s .  For those  pu rposes , a t h i ck  contact . layer was d e l i h e r au n l y
I W i i ~ id I I . i -v  -

~ I k e n  I - ye r p r o  I ‘iii led OV r po r I S i of t i e  ‘ r i ce ,
1.1 )1 1 i~ b~ ger 1 1 5  I ippc d off.

Fig. 8 is i section showing such a layer.  This  s o l u t i o n  had a uvi -jo
u ;errnd n~ um concent rat ion  and at  low temperature s the germanium f i n a l l y  depos-
i ted e p i t a x i a l l y .  Such a th ick  surface laye r was obviously undes i rable  for
the purposes of the present program. Moreover , the requirement of a t h i n
sur face  layer precluded the removal of the th ick  deposit by lapping ar d
pol ishi ng methods.

Many causes have been proposed for solution carryover. For example ,
the presence of oxides on the surface has been suggested. It is rn”: ~lear how
oxides can prevent and promote wetting at the same time . We have no eicro-
‘ cop ic explanation for the carryover. However, as might be expected , we
d i d  ob serve that  the greater  the clearance between the boat  and the s l i d e r ,
t h e  greater  was the solut ion carryover. This caused a problem. If
t h e  clearance was less than about .003” , abrasion caused pitting, while if
c learance  was greater than about .005” there was excessive solution carry-
over. Many experiments were done with shims of various sizes between the two
h alves  o f the boat .

Part of the problem wa s t ha t  grap hi te  is difficult to machine to close
to le rance .  It is d i f f i c u l t  to assure that the slider wi l l  be f l a t .  In f ac t ,
the Poco boat was very poorly machined and the slidei had to be sanded even
to make it slide smoothly over its whole length.

A complicat ing fac tor  was the dimensiona ins tabi l i ty  of the graphite
upor heating. This was especially true of the Poco boat, which warped a dif-
ferent v:ay during each run. A nichrome wire was wrapped around the boat and S

s t i l l  there were not iceable  gaps between the two halves of the boat a f t e r  each
run , no matter how tightly the halves were bounô together.

At this point it became apparent that the Poco boat was not usable .  We had
Oec ’f l  ~slC to make good looking homojunc t ions .  O n y  two layers and two w e l l s
were i n -o l v e d .  fr~ reover , there was no p i t t ing  with the Poco boat .  However ,
do u i O L O ( .  above , the homoj unc t ions  did not laser and it was fe l t  that the hetero-
s t r u c t u r e  was required for adequate electron anc opt ica l  confinement.

ise four layer process required that the sl ice he moved a d i s t ance  of
S H in c h e s .  The warp ing of the boat was so great  that  s o l u t i o n  carryover

wa’ excE ssive . At this point, it was decided that in order to remedy this prob-
S lem , extensive modifications would have to be made in the boat design and

t h a t  such improvements in technology were beyond the scope of the program.

MGNI SCUS LINES

S At the ea r l y  stages of this  work , the appearance of meniscus l ines
seemed troublesome . Normally these lines were very fine, as shown in Fig. 9,

— 18-
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FIG. 8 Section of a sing le heterostructure at the edge of
a thick surface layer. The thick region had been
deposited from a drop of gallium solution which
had been carried over on t.L~ slice from the last
well. Note the epitaxial germanium inclusion.
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FIG. 9 Photomicrograph under interference contrast at
l000X of fine meniscus lines.
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and they were ignored. However, in some runs meniscus lines of
a more ser ious character began to appear. This type of meniscus line is

S shown jr Fig. 10. The lines consisted of grooves or lines of pits. The
lines n~d the characteristic arc shapes associated with LPE merlisci.

S At. the July ,  1976 , Gordon Research Conference on Crystal Growth, there
was considerable discussion of the origin of meniscus lines. Fig. 11 is a
sctiet n tic diagram of a section of the boat; the diagram illustrates how so-
lution decanting is accomplished in a sliding boat. The formation of the
meni ’-cas lines was exp lained on the basis of the curvature of the liquid—
q e  in,erface at the intersection with the solid. The explanation suggested
t h a t  increasing the clearance between the slice and the boat would reduce
the  occurrence of meniscus.

i rte se discussions were the origin of our decision to experiment with
shimming the two halves of the boat apart. These experiments were success-
ful in t~at the deep meniscus lines of Fig. 

12 were eliminated and the pits
were no longer arrayed in streaks.

However , we no longer th ink tha t the deep meniscus lines were associa-
ted wi th  the curvature  of the decanting l iquid interface . Instead , as the
me n i s cu s  st ick s and slips , graphite particles flow to the solid—liquid—gas
line of intersection. The deep meniscus lines were just another mani festa-
t ion of the p i t t ing problem.

II
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FIG. 10 (a) Deep men iscus lines on the surface of the
layer. Toward s the bottom of the picture the
layer was quite smooth. Irregularities were
g r e a t l y  emp h as ized  by the interference contrast
i ilumi nation.

( b )  Beveled and s ta i n e d  section showing how the
men iscus grooves on the surface corresponded to
places where the active layer didn ’t grow.
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DIRECTION OF TRAVEL

FIG. 11 Greatly enlarged schematic drawing of the part of
an LPE boat where the liquid solution makes
con tac t  with the GaAs substrate surface. The two
critical dimensions are the clearance be tween the
boat and the upper surface of the slice , and the
corresponding  cle arance between the slider and
the boat.
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FIG. 12 Schematic of the LPE reacthr sy s~~em . Lege n d:
B- graphite boat; S- slider; F- furnace ; RT—
reactor tube ; b t —  end c ap s ;  P R— l i d - ~r p u l l
rod ;  1GW— cc )mh )n e d  b o a t  p u l l  rod and thermo-
couple w e l l ;  r -  t nermur.oJ p le rake l e a d s ;  B R—
b u c k i n g  rod to po sit ion the boat in the fur—
n S t ’ e ;  P— quirt .z pin to prevent the slider
from sing p u l l e d  o u t  of he t o u t . FIG— t
0—ring fi t . n~ ; G— ci mu for - - p~ 11 rod
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SECTION VI

BOAT DESIGN

The morphological defects apparently stem from the use of ar~ phi~~ 0
the boat. The discuss ion  of the na ture  of g raph i te  w h i c h  w i l l  be nre~ e~.sad
the Appendix leads to the conclusion that graphite which did not .~ rp ah~ 

-
~~~ i

too easily, while the Poco graphite which resisted abrasion warped. Perh p.
type of graphite may be developed which doesn ’t warp and nonethel ess r’~si~~ s
abrasion .

Since such a graphite is not available , the use o f  u a r t ; :  a s  ~ hou~ ~ a t .~-
rial appears to be attractive . During the course of a very brief investi qs-
t ion , we had con siderable  su cce ss in growing morpholeg icall y s:noott. l~ vers Is.
a quartz sliding boat.5 In fact, it was on these very smooth layers t h :~
meniscus lines were first observed in this laborato~ - in 1973.

The quartz boat was not used in the present inves ti gatior far se-ic-ral
reasons. In the first place , aluminum in gallium solution mi qht  ha v e O t t 3 C k & ~)

S the quartz; conceivabl y this would have destroyed thE: tolerance in the sl id er ,
contaminated the solution and could even have g iven rise to poor morphol ogy .
Secondly, the design of the quartz boat is such that the solutions rath .-r
than the substrate are moved with respect to the furnace.5 The variou s solu-
tion equilibria might have been upset by this change of position in a furri~ cs
with uncontrollable temperature gradients. Finally, the quart: boat had no
provision for a thermocouple well. Again we were af~ 5 i.d that poor thermal
contact between a thermocoup le , which would be external to the boat , and the
boat itself would lead to poor control of the solution equilbria . However ,

- at present these difficulties do not seem insuperable. A small amount of
aluminum dissolved in a 1 0gm gallium charge might appreciabl y at tac k the
quartz. If the attack were a problem , the c~u ar tz  could be coated with a very
thin layer of pyrolytic graphite . Such a coating would be harder and more
abrasion resistant than bulk compacted graphite , and d imensional tolerance
would easily be maintained by the quartz.

Moreover, a quartz boat could be designed in which the slider woul i
move instead of the boat , and in which there would be adequate therm? l contact
between the solutions and the thermocouples.

I .
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APPENDIX

PROCESS DESCRIPF ION

OUTLINE

One variation or another of the sliding boat technique is required for
the multilayer LPE deposition of Ill-V compounds. We have used a relative ly
straight forward adaptation of the technique described by Panish et ui. 3
Our boat was unique only in that it accommodated a larger slice th i n usual.

All the parts of the boat were machined from grap hi c. The slice was S

carried in a groove in a long flat slider. The boat proper contained
charges in wells. The charges consisted of GaAs and suitable dopants dis-
solved in gallium. There was a hole drilled in the bottom piece for i
thermocouple.

The boat was inserted in a quartz reactor tube inside a furnace. Fig.
12 is a rough sketch of the apparatus. The reactor tube could be evacuated
and provision was made for the flow of nitrogen or purified hydrogen. Van-
ous rods were inserted through fittings in the end plate of the reactor
tube. The boat and the slider were mani pulated by means of these rods; one
of the rods also served as a thermocouple sheath.

In practice , the charges and the slice were loaded into the boat. The
boat was inserted into the reactor tube with the mani pulating rods attached.
The reactor tube was evacuated and back—filled with hydrogen. The bo at
was inserted into the furnace and several hours were allowed for the reac— 

S

t~ i~ts to dissolve in the gallium. The furnace t .emperature was abruptly
lowered to supercool the solutions. fhe slider was moved to bring the sub-
strate successively in contact with the solutions in each well; the t5ime of
contact in each well was determined by the desired thickness of the particu-
lar layer. After the deposition was comp lete , the boat was withdrawn from
the furnace and was allowed to cool for at le i st .~ri hour under hydrogen in
the reactor tube. When the boat was cool , the reactor thbe was back-filled
with nitrogen and the boat was token out.

The charges were frozen with liquid nitrogen , the bo a t was dismantled
to remove the slice from the slider.

PROPERTIES OF GRAPHIT E
S 

- Before describing the boat in detail , it is relevant , to discuss graph—
ite as a construction naterial. In the first p lace , y r S i p hite is a bonded
compact. Graphite particles are for the most part m i ll flakes , and pure
graphite powder does not bond ; bulk graphite is not i sintered materi al.
Some other liquid—like material is needed to establish th e matrix in which
the graphite is held. This is usually the material— such as  sugar— from

-25-
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which  he graphi to i’ rn-ide. As the ‘a i g - i r  I s hea ted , 1 t ‘lie :. ~r ’i t) eg j f 5 , C)

carbo ni  ze. As the c i r b o n i z i t  ion proceed s , nd wa te r  is ~~~~~~~~~ off the o— ’r -

bon , pa r t i c l e s  grow h u t  do not  necessar i l y coa lesce .  The p~ r t :c - e s  ~rl . 5~
t oge t h er by the m o l a s s e s— l i k e  r e s idue  from the in~ o i p l e t -  car h o r i i z a t i cr  s~th e grap hi te .  The be t ter  the g raph i t e , the less there  i s  of t h i s  re si’;~ e.
Howeve r , the less there is of the res idue , the we a ke r is she grap hi te.

the a r t  of graph i te  n a r i u f a c t u r e  l i es  in a c h i e v i n g  s l m u l t a n v o u s  pur~ -~~‘

and s t r eng th .  Bonding residues have been reduced to a m i n im s ’ s  l .~ coos
gr ap h i t e , t he pa r t i c l e  si z e has  bee n inc reas ed , a nd she poros i ty  has be~ r
reduced. None the le s s , ~i ll  g rap hi te is s o f t  and abrades e a s i l y .  There a n -
a lwa y s po res whi ch become f i l l e d  wi t h gr aph i t e  dus t .

Gal l i um does not wet grap hi te ;  how eve r , g r aph i t e  dus t  r e a d i l y  adheres
to the s u r f a c e  of l iqu id  g a l l i u m  by the forces of su r face  tensior . v ’here
microscop ic clumps of graphite dust are interposed between the sols ’t l i .~; 

S

and the substrate , the substrate is not wet and there is no crystal giu~ ss.
This phenomenon was discussed more fully on page 16. Suffice i t  to ~oy
here , that as a boat is used on successive runs , dust accumulates i a  . ue
pores and this dust interferes wi th the LPE process.

Pyrolytic graphite is a non-porous form of graphite ; this form is de-
posited from the gas phase onto surfaces by cracking some hydrocarbon gas.
Many years ago it was suggested that pyrol~’tic graphite be deposited on
bonded graphite t5o seal up the pores of the latter. The Poco Graphite
company claims that since pyrolytic graphite has a very anisotropic coeffi-
cient of expansion , It spalls off bonded graphite when it is heated. In-
stead of us ing  pyrol y t ic gr ap hi te to seal the bonded m a t e r i a l , the Poco

S Graphit .e Company has developed a p ropr ie ta ry  pore s e a l i n g  t e chn i que .  •ih ls
invo lv~~’, “impregnating ” the surface of the finished , machined piece with a
h i gh grap h i t e  conte nt . l i q u i d  under very high pr e ssure .  A f t e r  impregna t ion ,
t h e  p iece is refined presumabl y to carbonize the liquid.

We have found this grap hite impregnation to be very superficial. Aft.er
limited use , this ~unface did abrade. However , the basic graphite was of
high qii~uli t j and the dusting was always less than we have encountered with
any other graphite .

On the other hand , the surface stresses induced by she impregn ation
seemed to be so great tha t both the boat and the slider warped during the
i n i t i a l  f i r i n g  process and a g a i n  du r ing  use for  LPE. 2he consequences of
the warp ing  were d iscussed  on pages  ~~~ 17.

DEScR IPT iON OF THE BOAt

Fig. 13 is an e n g i n e e r i n g  p r i n t  of the boa t , a n d Fi g. 14 is  a photo-
grap h of i t .  The boat  c o n s i s t e d  of three parts— the well piece , the base

S p iece and the s l ide r .  the we l l  and base pieces dovetailed to form a slot
in which the slider could move. The slider itself prevented the boat from

-26-

- -__  ---- -



S _ _ _ _ _

~~ r~~- :1 — S.—.--— — 
—

~~~~~~~ 
- ± ,  

(a)- 
- , Li ‘ . 

- ~- r~ r~~’~ 1 r~
_ _  _ _  

- _  _ _  

~..LPE ~~~~ B~BrL.... —S 
- • ‘ •,IIA. ; -

Mm’ a.~ Nc.’ ~~~~~ N C.t —~~~~
- : ~Wo~~~F,su.V l~ ‘ SI4~ V~~ 1’ - - -~ ~a.’w.’rP~. 

-

-4(4ico £~ Uf l  ~~~~~~~~~~~t 4W C MWlWti tat 0 I.

• S - - .
1

.
5

_ S

- lb ~~~~ S S S

--
~~~

-

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

- -  - :~~~~~~~ ~~~~~~~~~~~~~~~ 

j~~
l
~ 

- — ‘I -.--J•~ ‘~H ~~, ~~~ - 

(b)

E : .-.-~--:::::?:::::: :::::E-,-E~ if~~~~ ~~~~~——- S 
~~~~~~• at S • - I ; S  -

- ,~ 
: , , .  ~P~~t~o4T: PA~ r.j i’

~NOtr . P~~i ~~ ~~~~~~~~~~~~~~~ -
. Sc~~ r.,~,

H,~ Dc.g.~~
•..t.,. sm f a t

- - 
0 — b-

1 ~ - 
~
‘ I f —

‘ S  -~~~~ r~~
’ L .  S

I • ‘~~ S “7rhC •~~~~~ I - Q , . f~~~~,- 
—

; ‘ t 1 - 
- - ~~

S 
‘ 

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

.. .. 

i =j r.,. 4~~~~~s (c)

;~~~~
• ~~~~~~~~~~~~~~~~~~~~~~ s , ’

. ~~~~. LP~.5iioc,~ 5

I ,~ ~ S SCAu, ,uu, -
. 1

FIG. .13 Engineering print of the LPE boat made by
the Poco Graphite Co. (a) Well section.
(b) Thermocouple section; note that the
thermocouple well ran the length of the
boat and was slotted through the bottom.
(c) Slider.
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FIG. 14 Photograph of the boat. The slider is at
the start position and the back edge of the
indexing ruler is even with the leading
edge of the slider.
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coming apart  by l a t e r a l  motion of the w e l l  and base pieces.

The wells were ~“ wide while the slider and slices were 1” w id e ,  t h e
~~~

‘ over l ap of t he s l i ce  be y ond the well was required to preven t, the -“ib —
s t ra te  from r i s ing  to f l o a t  on the gallium cb urge . There is a ‘luesti on is
to whether  the sl ice should  e x t e n d  b eyond the we l l  i n  the  long i t i d i u i i l
d i rect ion as w e l l .  There a lw ay s  ‘ corned to he anom a l ous  g r owth  - i t  t h e  edge
of the s l ice , and we feel  tha t the d e c i ’ i o n  i s  S i  mu t t e r  of i n d i v i d ’ i l pref-
erence and exper ience .

The base piece had a lo n g i t u d i n a l ho le  to re ceive a t he rmocoup le  well. S

The hole was longitudinally slotted , as shown in ~ j 5 f~ 1.S F ~~ the th ’r~iocoup le
wel l end ed in a hook wh ich ex tended  th roug h the s lo t  as - t i~ w e l l  Wa’ ;  b e i ng
extended wi th  the b o a t .  The thermocoup le ~h n i t h  h i d  , u b .; I q e , such t h . i t  t h e
d i s t ance  between the hook and the bu l ge w . s  j u s t The l e r i o t h  of ‘he b u - u t .
Once the hook cleared the end of the boa t , the h e u t h  w s  r o t a t ed ,  t h e
sheath was sealed at  the hook end , and it  was lon i enou h t o  ex t end  thro ugh
a f i t t i n g  in the end p l a t e  of the r e a c t o r  t ube T h u - , , - he s h e a t h  c o u l d  he
used to move the boat in the reactor tube independently of th e posi t ~on of
the slider. S

The design and construction of the slider were critic al. The substrate S

groove had to be flat and rounding of the st ep could not he tolera ’c’d . The S

depth of the slot had to he c o n s t a n t ;  the bottom of the slot could not be
t i l t e d .  The slot dep t h was prec ise ly  measured a nd the back of the sub-
strates lapped to give desired clearances.

The length of the slider was another critical design parameter. If
the slider is too long, it will extend outside the hot zone and cool the
boat as the slice is moved into the first few wells. The slider can be
designed long enough so that the slice can be loaded and unloaded
without breaking apart the boat. However , since the substrate groove was
open at the sides , the slice tended to slide beyond the ed ge of the slider
as the boat was being pushed into the furnace . Moreover , there was therma l
etching of the exposed slice as during soak period . Therefore , the slider

S was designed just long enough so that when t h e  slider pull rod hook bore
against the front of the boat , the slice wi ’; j u st beyond the first. well in
the back. There were holes in each end of the slider to accommodate the
hook of the pull rod and a quartz stop pin. ‘Jlien f l ip pin bore aga in ’ t the

S 
, back of the boat , the slice was just beyond the frori~ well. (Actually, the S

S 

Poco machinist broke the slider and we were never able to clear the fi fth
S 

well. Fortunate ly, our laser structure never called for more than four wells)

The distance between the edges of each well wa’s 1” . this minimized-
S 

but did not prevent— carryover of gallium from one well to the nex t . In
S addition , we had the option of placing the  slice between well ’; while , for

instance , the furnace temperature was being changed.
S 

~ I
Fi g. 14 also shows how the s l ide r  was i n d e x e d ,  the boat  was p laced  on
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a bench and the ruler was m~urked off ~as the s l i d e r  v s  pu sfc’d ilonq ii si-n .-
lation of a run. the back end of the ruler was even wi th the front end of
the slider when the hole for the pull rod was r - ~nger;s to lbs front end cf
the boat. This was the zero index point. I’

Finally, the clearance between the slider and the well p i~~~~~~~’s i s  
‘
r i t i-

cal. this is shown in the detailed sketch of Fig. 11 . The morp ho log ic~ l 5

consequences of the clearances being too great or too rn i l l ~vere di .,cossca S

on page s 1649.

REAC TOR

The r eac tor ( shown in  Fi g. 12) co n s i s ted  o f a 5c~- -6Omm OD x l5O-l~ t s~;
long quartz tube . 5rhe ID of the tube was dictated by the 56mm C l l S 9 O f l u l
section of the boat; even so the corners of the boat had to be chamfered.
The length of the reactor tube was dictated by the 75cm length of the fur— S

na ce combined with the 50cm length of the boat and projecting slider. Tue S

reactor tube had to be long enough to permit the boat to be completely
withdrawn from the furnace even with the slider full y extended. (Hate that S

some reactor furnaces cure on wheels  so tha t  the fu rnace  can be removed from
around the reactor tube, this places some constraints on the nature of the
furnace and the design of the reactor tube ; the tradeoff is one of personal S

preference.)

t he  ends of the reactor tube were sealed by end caps. These are shown
in Fig. 15. The end caps were supported by brackets which were bolted to
the top of the furnace. ‘the end caps could be moved long itudinally and
also swung laterall y out of the way, so that the reactor tube could be no-
moved from the furnace. The end caps actually supported the reactor tube
rathe r than vice-versa.

The end caps consisted of three pieces. The main body held two 0-rings
and there were ports for vacuum and gas lines. The seal to the reactor tube
was made by a large 0—ring on the outside of the tube ; the 0—ring was held
under compression between the main body of the end cap and a large ho; hing
bolted to the furnace side of the end cap. This seal was broke n only when
the reactor tube was removed from the system .

f l ue end caps were f i n a l l y  se;’u l ed by end p l a t e s  which  were h~ l ’ e-~
against 0—rings on the outside face of the main body. The end pla y .,: -~ J
holes to accommoda te Cijon brand 0—ring fittings for she thermocouole well ,
the pull rod and the bucking rod.

the arrangement for the mani pulators is shown in Fig. 12. The Cajon
fittirlqs could be loosened to permit the rods to slide longitudinally , or
t h e  fi t tings could be tightened to make a vac u um seal and also fix the posi-
tion of the rods ‘nd the thermocouple well. Finally , outside the reactor
t ube , there was a ,maIl clamp be tween the slider pull rod and the thermo-
couple well. This clamp was tight while the boat was moved in the reactor
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tube by means of the thermocoup le well; the clamp pre’~et ted the slider ~rcr
moving , with respect to the hoot , at the wrong time . Ds: ng the run orop-: ’,
the h o i t  was held f a s t  het,ween the b u c k i n g  rod and the h Jge in t h e  thc-rno-
couple well. The fitting s on both these  rods were sight . To move the
slider , the pull rod fitting and the pull rod clamp were loosened.

A piece of tape ~uround t5he pull rod provided the moving  i n d e x  mi : 5 :  fc:
the slider. the clamp wa s bu t ted up ~ugainus t the fittings whe n the u-j d~~ ta ;
in the furnace , and the clamp in this position provided the stationary i~-dex m u r k .  The tape was so p laced t ha t  it coinc ided w i t h  the cls”up when ~Th ’
pull rod was pushing against the front end of the boat. As m en t i ou s o  3L-t ’ v ,
this was made the zero position of the indexing ruler.

5 GAS HANDLING SYSTLM

Provis i on was  made to evacuate the system and back—fill with ristos en
or h y drog en which f lowed through a palladium puri fier. Fig. 16 is a ; che-
m a t i c  d i a g r a m  of the  gas h a n d l i n g  system. A pre ssure re g u l a t or and gauge
were provided to prevent the hack—fill pressure from rising above orie pound.
A pressure—vacuum gauge  was used to ascertain the comp letion of the back—
filling process. Finally, a check valve was provided to isolate the reactor
tube from the purifier pumping system.

h y drogen was flowing when the boat was hot , while nitrogen was used
at all other time;. the gas flows were not measured , but estimated by the
bubbling at the exit oil trap. It was only necessary to m a i n t a i n  the hy dro-
gen f low co ns tant .  d u r i n g  t h e  t empera tu re  e q u i l i b r a t i o n  and run proper;
oth erwise , the temper ature  would  v ary  u n c o n t r o l l a b l y .

FURNACE

A s ta ndard l a b o r at o r y  three  zone K a n t h a l  wound s i l i c o n  d i f f u s i o n  fur-
nice was used. It had a conventional master—slave temperature controller
with continuous proport- ioning and reset, rate modes. However , the therma l
m ass of the f u r n a c e  was so large and the time rate of temperature chan~o
was so low, tha t the controls were set. q u i t e  loosely.

there was - i l s o  an e x t e r n a l s ing le s t ra n d pot en t iome te r  in the set p o in t
c i r c u i t  of the m a s t e r  c o n t r o l l e r .  the potent iometer  was dr iven throug h a
m a g n e t i c  clutch b y - u clock motor. With t h i s  a r rangement , the furnace  co u l d
be cooled at a stead y rate of .200_ .25°/m m .

A f u rnace - ; yu r e m  i s  l i m i t e d  by the q u a l i t y  of t h e  h e a t e r  w ind in g s  and
t h e  , t t . e n d , i n t  in ’ , i l a t i on .  In t h i s  respec t , the f u r na c e  zones were unevenly
h e - i t e t  m d  i t  w i n  ‘i i f f i c u l t  to get a zero tempera ture  gr d i e n t  a long  the
l e n g t h  of  the ho ot .  By j u d i c i o u s  p o s i t i o n i n g  of the boat  in the fu rnace , a
q r - id ie nt of aboutt. .1)3°/inch ould be achieved at a g iven tempera ture , bu~
t ,h i  s h i l u n c e  was u s u a l l y  upset  as the f u r n a c e  was cooled d u r i n g  a run .  The
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FIG. 16 Schematic  of the gas bundling system.
R f —  reactor tube ; HP— hy drogen pu r i f ie r ;  1W—
pu r i f i e r  bypass for  the n i t rogen ; CV— check S

S v a l v e ;  RE G— r e g u l a t o r  - ,st to one po und ; PG- S

pressure a ;uuge ; PVG— pre ssur E? v cu urn gauge ;
VAC - pump f or t,he p u r i f i e r  m an i f o l t h  U VAC —
“high vacuum ” for the re c t o r  tube ; BUB— o i l
bu b b l e r ;  SB— s a f e t y  b o t t l e .
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setti r i g s  of the ‘l ive zone’ had o n l y  Si secondary c f f ’ c t  on tru e snermol
S gradient.

Fig.  17 shows the tenruper ature measurement sy st em.  three thermocoup le s.
5 spaced 4 inches apart were contained in a single .170” 01) Incone l she~~’,h .

A chrome l wire was common and three alume~ wires were spo ’ —welded to form
a so—c a l led thermocoup le rake . The Boonto ni meter was used not only for t h e
n u l l ;  the d e v i a t i o n  from the n u l l  was p lot ted on a cha r t  recorder.  i~hen i n
VTVM was se t on t he l00~V range , full scale range on she recorder was

the center thermocoup le was centered on the boat arid temperature dif-
ferences and vari a t ions  could be read to about ~~ No stabilized cold ~sr-
tions were provided; the system was sensitive to temperature fluctuation~
the room air due to drafts , etc.

Care had to be taken witi the temperature readings. Garden variety
S thermocouples are unreliable to within 10 C. Therefore , apparent abrupt

temperature g rad ien ts  must  be in terpre ted  wi th  caution . For instance , we

- 
felt that our center thermocouple read consistentl y a degree hi gher than the
end ones.

MAT ERI ALS PR EPAR Af ION

St andard hig h purity materials were used. 99.9999% pur i ty  g a l l i u m  from
e i the r  Alcoa or Alusu i s se  was used in the form of i n d i v i d u a l l y  packaged
10 gin ‘slugs.  Subs t ra tes  were commercia l l y po l i s hed , and then were etched
and rinsed just  befo re use.

l’he only u n u s u a l  requirement  was that  the subs t ra tes  be r ec tang les
which f i t  the groove in the s l ider .  the s l ices  were scribed and cleaved
approxima tely to size and waxed , pol ished side down , to a glass  template .
The ove r lappi ng ed ges of the subs t ra te  were sanded down to the dimensions  of
the template.

In sortie r u ns , GaAs sou r ce s l i c e s were weig hted down on top of the
g a l l i u m  cha rges.4 In t5he end , when the supercooling technique~ wa s adop —
ted ,weighed amount ,s of GaAs were used as the source.

S 

CHARGE GOMPOSITION

the charge compositions were determined from published phase Jiagrams.
C a l c u l a t ion of t h e  weight  of GaAs was based on the T-x phase d iagra ’- of pure

even though a small amount of ,ulumi num mi ght have been required.
fable 111 is the a r sen i c  c o n c e n t r a t i o n  of a gallium solution which is in
equilibrium with GaAs at various temperatures. The weight of GaAs required

W G A  = - .07 ( 1)
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S TABLE I I I

EQUiL IBRIUM SOLUBILITY OF Afl SENJC IN GALLiUM

Temperature Mol Fraction
C Arsenic

805 .0240

S 810 .0254

815 .0269

820 .0284

825 .0300

830 .0317

835 .0335

840 .0354

845 .0374

850 .0394

F
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where XA5 is taken from Table I and WG 
is the wei ght of the ga lliu mn u charge .

Fig.  18 is the a luminum — Al Ga 1 As phase di -iq ram 7 where XA1 is the me l

fraction of aluminum r.n gallium solution , the wei ght of aluminum required

= 0.37) 
______________ 

W . S

Al l - ( X  + X ) 
Ga ( ) S

where XA 1 is obta ined from Fig.  18 and from tubl e III.

The required concentrations of donor ,und acceptor impurities i i i  - o l u —
tion were a lso  determined from phase d i a g r am d a ta  — u u l t i n . u t e l y  modified
however , by our own exper ience .  For i nst ance , p u ;b l i hcd d at a ° i n d i r.at .e t h a t
for tellurium at 850° D.,  the e lec t ron  c o n c e n t r a t i o n  in c r y s t a l l i z e d  GaA is
re la ted to the weight  of Te in Go so lu t ion  by 

S 

S

W
T 

= 3.hxlO W
G

n (
~

)
Eq(3 )  predicts tha t onl y .4 mg Te need be d i s so lved  i i i  10 qm Ga to achieve

an e lec t ron concen t ra t ion  of l~
l8

cm
_)

. In reality more like 100 mq of ie
are requi red .

S On the other hand , the literature value’° for the h o l e  concent i r - i ~ i o n
of germanium doped GaAs (at 9000 C) is

p = 2 x l 0 1
~ X50 

( - i )

and

U5e W~ Cs )
Ge

To achieve a hole concentration of 10
18
,t.he weig ht of C must be of t,he t i r e

order as that  of the Ga charge . When drops of the C. ch - ui-qm ~ were carried
S on the top surface  of the s l i ce , g erm r u , un i  iii l e t o ’  I i-h op l t a x i a l  ly on re

S as the boat was cooled to room temp eru t r r e .

Zinc dope s GaAs more heavil y th-~n does g e r m a n i u m .  However , Z u m i  di f—
fuses  r ap id l y in I l l — V  compounds.  A a r e su l t ., i -rp u r r ’ i t y  d i n t rihu iur , in
p—n junctions made with zinc are poorly controllru . in addition , zi nc is
very volatile during equilibration.
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FIG. 18 Soljdus section of the Al , Ga , As ternary
phase diagram after Panish and Ilegern s (ref 7).
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