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THE ELECTRONIC AND ELECFRO—OPTI C FUTURE
OF 111—V SEMICONDUCTO R COMPOUNDS

I n t r o d u c t i o n

This report will present the rationale for the exten-
sive materials efforts being expended by the DoD in Ill—V
materials . The background and the current status will
be summarize d , however, there are a number of extensive
review ar ticles and conference proceedings available
for this information (1,2,3,)

Questions concerning the materials properties , electro—
op tic physics , chemical properties and device potential
will be presented to help resolve the more fundamental
questions: why work on the Ill—V materials which are
inheren tly more costly than silicon ? and , do the LIt—V
alloys have any advantage over other semiconductors?
In order to fully evaluate these alloys the potential
of the materials for devices must be discussed. At the
outset , it must be stated that the major effort in the
microwave and millime ter wave properties of the Ill—V
alloys is being funded by the Department of Defense;
however , in the fiber optic communication area there
is considerable commercial potential and private industry
is suppor ting a significant effort.

Microwave and M illime ter Wave Ma terials

The motivating drives within the semiconductor device
industry are higher efficiency , speed and power and lower
cost, noise and size. The development of silicon for
solid state electronics resulted in a major change in
communications , computations , and other technologies.
Indeed , today it is difficult to find a.i area of modern
civiliza tion untouched by the silicon revolution. Certainly
the military has undergone art evolution in its basic
strategy due in no small measure to the electronic capa—
bili ty available with silicon based semiconducting devices.

This change in the electron ic capability has occurred
in less than 30 years with the introduction of , ini tially ,
the silicon transistor and then the integrated circuit.
Silicon was not the first semiconducting material in
spite of its overwhe lming dominance . Initially , tran—
sistors were, and are still to a limited extent , made from
german ium . However the energy gap of germanium, O.650eV ,
is too low, and intrinsic conduction occurs below 100 C
thus limiting the operating characteristics of germanium
semicortduc ting devices.
N.’te .  Manuscript submitted October Fl. 1978.
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Si l icon has an e ne r gy  gap  ot  l~~ll eV and intr insic
conduc t  ton ~~~~ not occur below ~‘~0 C; t h us  the usefu l
op er at  i ntl r 3 f l~~t? ot  Si  I icon v ie V  t C t ’S  i S unproved compared
to  g e r m a n i u m .  O t h e r  a d v a n t age s  of s i l i c o n  a r e  seen in
Table  I w h e r e  in  t e r m s  of utilization the ability f o r
a dift us i on based technolog y was and is a prime considera-
tion for integrated circuit devices and systems . It is
not necessary to point out the impact the si~ icon inte grat l ’d
circuit has made on the mi l itary system application s
as devices cs automotive ignition systems to advanced
missiles and satellites . The silicon integrated circuit
has made significant changes in the everyday li fe styles
of each per son in the civilized world from toys to modern
communications.

Indeed , if one considers the tremendous range of cur-
rent and potential. applications of silicon in electronics
it is quite logical to ask: why spend large amounts
of resources to develop other semiconductor material
technolog ies which do not have many of t h e  obvious advan-
tages of silicon . Among the disadvantages of the Ill—V
compounds: they are relatively difficult to p r e p a r e ,
the elements are quite costly, they do not appear suitable
for a ditfusion based technology, and , at least to date,
they arc difficult to passify.

These disadvantages notwithstanding , in the atea
of microwave and millimeter wave technoloqy the devices
based on Itt—V materi als can perform functions which
cannot be readily achieved using silicon . ;s seen in
Table II the band gaps of GaAs and InP are higher than
silicon ; therefore higher operating temperatur es are -t

possible. At the charge carrier velocities , nece ssary
for high speed operation , gallium arsenide (GaAs’ and
ind ium phosphide have distinct advantages over silicon .
Fit~ure 1. shows that the low field mobi li~ty of GaAs (8600
cm /v—sec ) is greater than InP (4000 cm v—sec) which
in turn is significantly greater than .~i ; at higher fields
the velocity of the carriers in InP is significant ly
higher than In the others which projects a higher frequency
of operation for devices based on InP. It is also evident
that in contrast with Si , tnP and GaAs possess a region
of negative differentia l mobility which is used to advan-
tage in tr ansfeired electron vlt’ViCeS , TED. A lte ady mi cto—
wave tubes are being displaced by the l it—V semiconductors
for low power a p pl i c at i o n s .  Today ,  5W devices at 8 GHz
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h av e  been pr ep a r ed  ( 3 )  a n I  there ate project ions  f or
SW J oy  ic es a t  .~0 GHz ( 5) . U igher speed c o m p u t e r s  w i ll
r o g u  i r e  dcv ices b ased on t he  I l l— V  technolog y s i n c e  si  1 icon ,
even with s ub m i c u o n  t e c h n ol o gy ,  is v e l o c i t y  l i m i t e d .
Signa l p rocess ing in t h e  m i l l  imetet ot m n i c t  owave range
frequencie s require s de sV ices anti mater Li I properties
not  av a i l ab  le in  s i 1 icon . NRI.I is c u r  r e n t  ly do i n g  i n —
house  li t—V materi a l preparation activity i n  b u l k  s i ng l e
ci y s ta l s  and bo th  l i q u i d  e p i t ax  ial .  g r o w t h  in t h i n  s i n g l e
c ry s t a l s  anti d e v i ce  r e s e a r c h  f o r  m i c r o w a v e  and m i l l i m e t e r
wave  d e v i c e s .  O t h e r  DOD l ab o r a t o r i e s  h a v i n g  s i g n i f i c a n t
i n — h o u s e  microwave mater Li Is and devices efforts include
Naval Ocean Systems Center , A i r Force Wr igh t  Pa t ter son
AFSC , arid the Army laboratories in the Electronics Command .

Fiber Optics

Whi le the pr esent p t imar y commercial application
of fiber optics is as either decorative or f u n c t i o n a l
l i g h t  g ui d e s , it has long been r ecognized that the enot mous
c o m m e r c i a l  p o t e n t i a l  ot f i b e r o pt i c s  l i e s  in  i t s  use
for shot t and long r a ng e  commun ic at  ions  . R e c en t  advances
in  t ib e r  opt  ics component  t e c h n olo gy  have  paved the  way

S f o r  inov m g  opt ica 1 cominun icat ions  s y st em s  out  ot t he
laboratory and into c omm e r c i a l ,  use .  T h i s  fact was dramat—
ic.ill y demons trated in t he  summer of l~~77 when  hot~ the
Bell System (in i t s  Ch i ca~io expe rim ent t and ITT tat a loca—
t ion n o r t h  of London) announced that t hey we re install i nq
commerc Lii telephone s e rv  ice over  opt  i c a l  l i n k s .

The advantages en~ oveJ by i b e r  opt  tcs s y s tem s  compared
to their conventional coaxial cable or twisted wire commun i —
cat ions  systems counterpart s are shown in Table III.

Al I of these advantaqes ate refl ected in urgent
Nav a ~ and A i r  Force Commun i cat ions Systems requirements
for point—t o—point , distributive network , and intrusion
r es  t s tan t  and rad Li t  ton hardened systems

The b a s i c  b u i l d i n g  b locks  of a t i b e t  o p t i c  d a t a
transmission system a r e :  1) a transmitter (a s o l i d  state
l i ght source) , a tran smi ss ion path (a n o p t i c a l  t i be r
and 3 )  a r e c e i v et  (a solid sta te detec tor ) . ~~~~ ma iot
technical br eakthrough in long distance data ttansm i ss ion
occu r red in 1970 when Corning G l a s s  W o r k s  announced the
developmen t ot low loss , h i h  quality fused silica I i bt’rs



These fibers had attenuation losses as low as 20 dB/Km .
Since then , fiber attenuation has dropped steadily.
Pr esen t ly,  attenuations of 0.5 dB/Km or less have been
achieved in the 1.1 to 1.3 ~m region .

An optimum light source is one which can couple
maximum power with adequate handwidth into the optical
f iber. Its wavelength should suffer only minimum attenua-
tion in the fiber and should match the maximum respon—
sivi ty of the photodetector. Materials selection for such
solid state light sources reduces very rapidly to the Ill—V
materi als. The ind irec t band gap of the elemen tal semi-
conductors and the stoichiometric variations of Il—V I
ma te r i a ls e l i m ina te these two classes of ma ter ia ls  from
cons idera t ion . If, when we consider the Ill—V materials ,
we e l i m i n a t e  f r o m  c o n s i d e r a t i o n  those compounds fo rmed
w i t h  B or N ( s ince  the  p r e p a r a t i o n  of these m a t e r i a l s  is
d i f f i c u lt  ~nd i n s u f f i c i e n tl . v advanced to make P—N j u n c t i o n
dev ices  p r a c t i c a l )  , then nine binary compounds and the ir
18 ternary alloy s remain. Figure 2 shows: 1) six of these “ S

b inary compounds and the d istinc t wavelengths they provide
and 2) several of the more widely investiga ted ternary
alloys and the wavelength ranges to which they correspond .

The most widely used fiber optics light sources
are LED or laser structures based on the GaAs—A1GaAs
system. This system yields the most efficient room tempera-
ture LEDs and CW lasers , because even wi thou t close con tr ol
of alloy composition , this alloy system can prov ide almost
perfec tly latt ice matched heterojunction optoelectronic
devices over the entire alloy compositional range. The
latt ice matching inheren t in thi s system effec tively
e l i m i n a t e s  the m i s f i t  d i s loca t ions  common at hetero—
junction in terfaces of other alloy systems w ith poor
lattice fit. The presence of such dislocations causes
minori ty carrier recombina tion , morphology and surface
recombination problems which degrade or prevent device
operation .

The function of the receiver or solid state light
detector in a fibe r optic system is to convert light
signals to electrons which can be handled by traditional
circui try. For the 0.8 to 0.9 wavelength range of the
GaAs—AIGaAs emitters , silicon avalanche or P—I—N photo—
d iodes are the most commonly used detectors because of
their high efficiency, low noise , uniform response and
high reliability.

4
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For long r a n g e  o p t i c a l  c o m m u n i c a t i o n s  one d i s a d v a n -
tage of GaAs—P.lGaAs sources is that their 0.8 to 0.9 tim
ou t p u t  is not o p t i m a l l y  matched to the characteristics
of the  best a v a i l a bl e  op t i ca l  f i b e r s .  S t a t e — o f — t h e — a r t
fused silica fibers exhibit minimum absorption and dis-
persion in the 1.1 to 1.3 ~m region. To take advantage
of this inherent property of low loss fibers , so crucial
to the successful solution of pressing Naval and Air Force
long r ange  op t i ca l  c o m m u n i c a t i o n s  problems , severa l  in—
house l a b o r a t o r i e s  a r e  a c t i ve l y  engaged in the development
of I l l — V  q u a t e r n a r y  a l loy systems . Q u a t e r n a r y  alloys
have one more degree of freedom than  t e r n a r y  a l loys .  This  S

additional degree of f r eedom p e r m i t s  the  independent  var i -
ation of the energy bandgap and the lattice constant over
wide ranges. Of the possible quaternary alloy systems
c o v e r i n g  t h i s  w a v e l e n g t h  r a n g e  the  G a I n A s P — I n P  sys tem
appears to be the most promising because :

(1) Well controlled thin films have been grown via
LPE; (2) Room temperature DH lasers emitting at wavelengths
between 1.0 and 1.3 urn have been fabricated successfully;
( 3 )  Operating lifetimes in excess of 5000 hours have
been achieved . Thus it appears , that the necessary explor-
atory research for adequate source development in this
al loy system is well underway . Rome Air Development Command
is doing growth of bulk InP single crystals and vapor
phase epitaxia l grow th of bi nary and quaternary alloys.
Other DOD laboratories are doing vapor phase and liquid
phase growth of Ill—V compounds for electro—optic applica—
t ions.

C u r r e n t  E f f o r t s  and Resu l t s

The i n — h o u s e  a c t i v i t i e s  on I l l — V  m a t e r i a l s  at  the
Naval Research Laboratory and at Rome Air Development
Command , L. G. Hanscom Fie ld  w e r e  u n d e r t a k e n  to meet
some of t he  critical needs for better substrates of GaAs
and Iri P as we ll as to pr epare  ep ita x i a l  layer s fo r  elec-
tronic and electro—optic applications. The programs were
so divided that semi—insulating substrates and liquid phase
epi ta x i a l  g r ow th of GaAs an d In P was pe r f o r m e d at NRL
arid “ n ” an d “ p ” s u b s t r a t e s  of InP  an d vapor phase ep it ax ial
growth of GaAs was performed at RADC . Samples and informa—
tion exchan ge were performe d between the two laboratories
as well as with other laboratories working in the Ill—V
area.

- -
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It was found quite early that the  c o m m e r c i a l ly  a v a i l -
ab le  compounded lnP and GaAs was not of sufficient purity
to prepare reproducible substrate material. A compounding
apparatus developed by E. Swi ggar i , et al (6) that uses
a pyrolytic boron nitride (PBN) boa t and p r o t e c t i v e  l i n e r s
(Fig. 3) has resulted in the ability to prepare high
p u r i t y  GaAs and InP with no d e t e c t a b l e  Si i m p u r i t i e s .
The impurity level of the GaAs is so low the material
becomes semi—i nsulating due to residua l oxygen.

The high purity GaAs and InP is grown in single
c r y s t a l  f o r m  u s i n g  the liquid encapsulated Czochralski
method (Fig. 4) and a PBN crucible to hold the mel t  ( 7 ) .
Typical properties of the grown  s i n g l e  c r y s t a l s  a r e  shown
in Table IV .  The GaAs can be p repa red  in s e m i — i n s u l a t i n g
form with residual oxygen doping for ion implantation
a p p l i c a t i o n s  and Cr Te doped for  l i q u i d  and vapor phase
epit axi al growth. The semi—i nsulating IriP is Fe doped
with the dopari t concentration an order of magnitude lower
than that previously necessary. The single crystals
have been used in in—house laboratories and in iridustr~
for physical and device evaluation ; and results to date
are so promising that industry is adopting the method s
developed.  A m a n u f a c t u r i n g  technolog y p r o g r a m  is scheduled
for  f u n d i n g  t h i s  f i s c a l  y e a r .  GaAs FETs have been p r e p a r e d
by d i r e c t  ion i m p l a n t a t i o n  in to  the n o n — i n t e n t i o n a l l y
doped substrate. Results to date indicate state—of—the—
ar t device performance with potentially major cost savings.
The ability to prepare GaAs and InP devices by ion implanta-
tion d i r e c r l v  i t ~~ c ~he suhs~~ra~ e ho l ds the promise of elim-
i n a t i n g  a m aj o r  d i s a d v a n t a g e  a t  t he  I l l — V s  when compared
to Si , namely Ill—V technolog y could be a diffusion like
technology.

For the first time InP FETs have been prepared by
ion implantation (8) as a result of the availability
of high purity semi—insulating InP substrates. InP MISFETs
have also been prepared and may open the potential of
an MOS technology for the Ill—Vs .

The li qu id phase epi tax ial grow th is per formed in
an appara tus shown in Fig. 5. The introduction of a
second well in the sli d ing seal boat has allowed the
growth substrates to be etched just prior to growth. The
etch back removes any damaged layer which may develop by
heating and processing before growth (lOt . The epitaxi al
l a y e r s  g r ow n  in t h i s  manner  have r e s ult e d  in the  a b i l i t y
to make GaAs microwave devices having no extra b u f f e r



layers to p r o t e c t  the a c t i v e  l aye r  f r o m  the  s u b s t r a t e .
V.L. Wrick , et al ( 11) have used the  e tch back process
to g row e p i t a x i a l  InP  l a y e r s  of e x t r e m e l y  h i g h  p u r i t y
w h i c h  p r e v i o u s l y  was not a t t a i n a bl e .  The processes
developed a r e  be ing  used to p r e p a r e  both m i c r o w a v e  and
electro—optic devices and can result in si gnificant
savings by having better epitaxial layer uniformity and
r e p r o d u c i b i l i t y  as wel l  as by r e d u c i n g  the  cost and
increasing yield by removing the extra step of growing a
buffer layer.

As a l r e a d y  ment ioned  fo r  long r a n g e  f i b e r op t ics  com-
m u n i c a t i o n  sys tems , a v a i l a b l e  q u a r t z  f i b e r s  show m i n i m u m
a b s o r p t i o n  and d i s p e r s i o n  in the  1.1 to 1.3 m i c r o n  r ange
and InP—GaInAsP sources are developing nicely. Detector
development , however , has not proceeded as smoothly.
GaInAsP—InP photodetectors have been developed which
have  d e m o n s t r a t e d  g r e a t e r  r e s p o n s i v i i t y  at 1.05 ~:m than
the best Si photodiodes operating at 0.85 Jm . However
development of quaternary avalanche arid P—I-N diodes
has not proceeded q u i t e  as smoothly due to the higher

— p u r i t y  r e q u i r e m e n t s  necessary  for  e f f i c i e n t  o p e r a t i o n .
LPE systems have thus far not successfu lly demonstra ted
the ability to reduc?6the as grown 3c a r r i e r  concen tr at ions
to much below 1 x 10 carriers /cm wi thout resor ting
to prolonged baking cycles.

In the case of GaAs , VPE systems have been used
very successfully to achi eve hig h pur it y layers ever
since the mole fraction effect was first described by
C a i r n s  and F a i r m a n  ( 12) . C l a r k e  ( 13)  in Eng land and
Fa i r rnan , et al (14) in the U.S.A . have successfully shown
that the mole f r a c t i o n  e f f e c t  can also be used to prepare
very high purity IriP. In order to successfully fabricate
high efficiency detector structures for the 1.1 to 1.3 ~im
range by VPE , a vapo r phase sys tem mus t be developed
which can successfully deposit high purity GaIriAsP.
The hydride system originally described by Tiejteri and
Armick (15) appears to be ideally suited to handle the
growth of GaInA5P when modified as shown in Fig. 9.
Kennedy ,  et al (16,17) have successfully shown tha t the
mole frac tion effect also app lied to the hyd r ide system
(Fig. 6) and have also determined the effect of the Ga As
ratio (Fig. 6), deposi tion temperature (Fig. 7), and
HC1 concentration (Fig. 8) on mobility of the deposited
GaAs l aye r s .  A double tube h y d r i d e  sys tem designed to
study the effec t of various grow th param eters on the
puri ty of GatnAsP layers is currently under construction
at RADC ’ES (Fig . 9).
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onc I us ion

The p r o m i s e  of the  I l l — V  technology f or  m i l i t a r y
a p p l i c a t i o n s  is j u s t  b e g i n n i n g  to he r e a l i z e d . Those
areas of electronics which can use the  i n he r en t cost
advantages of silicon will continue to do so. However ,
use of the  l i t -V s  w i l l  r e s u l t  in the development of new
t echno log ies  in h i g h speed logic  and da ta  p rocess ing ,
in compact and reliable microwave and millimeter wave
sys tems, and Lu a revolutionary use of electro—optics
f or commun icati ons and con t ro l  f u n c t i o n s .  An example
of the potential of the electro—optics is that in the
first year of full service of a fiber optic link in
Chicago  by Bel l  Telephone an ave rage  ou tage  r a t e  of
0.02% or less for a conventional trunking system went
down to a projected rate of 0.0001% for the optical link.
Projected lifetime s for ill—V lasers at room temperature
are over one m u 1  ion hours.

Thus , the cooperative in—house materials efforts
are and will continue to aid the development of these
new technologies in areas where the prime user is the
m i l i t a r y .  F u t u r e  wor k w i l l  he done in these m i li ta r y
laboratories having the unique capabilities for materials
development. Already significant advances have taken
place in programs at NRL and RADC on a cooperative basis
and industry is voluntarily making tests and devices
us ing the in—house materials. 
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Table I

Advan tages of Semiconducting Silicon

1. Elemental semiconductor .

2. Relative ease to purify and grow single crystal.

3. Diffusion based technology.

4. Na t ive  oxide pa s s i f i c a t i on.

5. Inexpensive and p l e n t i f u l  element .

6. Large base in commercial technology.

Ta ble II

Physical Properties of Si , GaAs and InP

Si GaAs IriP

Molecular weigh t  28.06 144.64 145.79

Dens i ty  (gm/cc) 2 .328 5.316 4 .787

Themo cond (w/cm°C) 1.41 0.54  0.68

Melt ing point ( 0C) 1415 1,238 1.070

Mob~ 1ity 1900 8 , 600 4 , 000
(cm /v—sec) (300 °C)

Eg (eV) 1.11 I 1.43D 1.35D
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Tabl i ’ I l l

Advanta ges of F i b e r  O p t i cs  Sys tems  over
Traditional Communications Systt ’ms

o Increased  i m m u n i t y  to EMI and EMI~.

o Dielectric isolation between transmitter ar.d ~e c e i v e t .

o For greater intrusion resistance and security.

o Wide signal bandwidths.

o No spa rk , f i r e  or short circuit hazards.

o S m a l l e r , l i g h t e r , and lower loss cables .

o U l t i m a t e l y  lower cost.

Table IV

Properties of LEC Grown GaAs and InP Crystals

Etch Pit
S Mot~ility Resi stivity Density

Materia l Dopant j~~~~~v-sec) (ohm ~ç~~~~~ £~~~~~~
GaAs residual 4000 (RT) io8 1—5x10 3

0)

GaAs Cr :Te 1200 (RT ) io 8 1— SxlO 3

lnP — 25 ,000 (77~ ) — l— 5 x 1 0 4

InP  C r - l0~~~ 1-5x104

tnP Fe — ~~~ l — 5 x l 0 4

Ii
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