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HIGH-TEMPERATURE-MATERIALS STUDY 

By F. J.  Reid, S. E. Miller, and R .  D. Baxter 

B attelle Memorial  Institute 

Columbus, Ohio 
Columbus Lab0 r ato r ie  s 

SUMMARY 

Aluminum phosphide, Alp ,  was grown by a chemical vapor-deposition 
process  on single-crystal  substrates  of { 111) silicon, { 100) silicon, G a p ,  
and GaAs at subs t ra te  tempera tures  in the range 950 t o  1200 C. 
standing was obtained of various chemical reactions of importance to  the 
development of the vapor deposition of A lp ,  including reactions of alumi- 
num and iodine, PCl3 and AlI, P 2  and AlI, and A1P and iodine. In the 
process  involving A11 and PH3, vapor flows representat ive of phosphorus- 
to-aluminum atom ratios in the range 0. 5 to 4 were  used. 
r a t e  and vapor velocity a lso were  considered in the vapor-growth studies. 
However, substrate  temperature ,  temperature  gradient at the substrate ,  
and phosphorus-to-aluminum a tom ratio appeared to be  the m o r e  important 
considerations in achieving epitaxial deposits of A1P on the single-crystal  
substrates .  Epitaxial deposits of A1P up to 600 microns  thick have been 
grown on silicon subs t ra tes  at about 1120 C in  a tempera ture  gradient of 
about 10 deg/cm. 

An under- 

Mass- t ransport  

A vapor-growth reac tor  system containing only ceramic  par t s  i n  the 
high-temperature regions of the system was designed and put into operation 
during this program. 
ently contained lower concentrations of impuri t ies  than did the deposits 
grown i n  a sys t em containing quartz par t s .  
t e r ized  by emission-  spectrographic analyses and b y  e lectr ical-propert ies  
studies. 
tion has  an effect on the e lec t r ica l  properties of the resulting A1P layer.  
High-resistivity (> lo0  ohm-cm) mater ia l  has  been prepared by the addition 
of oxygen. In general, the A1P contains f ree-electron concentrations on 
the o r d e r  of 1 x lO18/cm-3, and electron mobilities as l a rge  as 80 c m 2 /  
volt-sec have been obtained. 
centration and mobility ever  reported f o r  Alp.  

The deposits of A1P grown i n  this  sys tem consist-  

The A1P has been charac-  

It has  been apparent that  the inclusion of oxygen during a prepara-  

This is the best  combination of c a r r i e r  con- 
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INTRODUCTION 

The objective of the r e sea rch  program i s  to  provide knowledge useful 

The mate-  
for  producing electronic devices that can be operated a t  higher tempera-  
t u re s  (>500 C) than is possible with current ly  available devices.  
r i a l  under investigation is the 111-V compound semiconductor, A l p ;  vapor- 
phase growth techniques a r e  being studied for  producing single c rys ta l s  of 
the mater ia l .  
forbidden band gap of approximately 2. 5 ev, which is the la rges t  band gap 
achievable i n  a 111-V compound semiconductor that  can be prepared  readily 
in a zinc-blende c rys ta l  s t ructure .  

A1P has a melting tempera ture  i n  excess  of 2000 C and a 

A mater ia l  for  electronic devices capable of operating a t  high t em-  
pera tures  must possess  a wide forbidden band gap such that the concentra- 
tion of i n t r i n s i c  c a r r i e r s  activated a t  the operating tempera ture  i s  small 
compared with the controlled concentrations of extrinsic c a r r i e r s .  
addition, the mater ia l  mus t  exhibit a low vapor p r e s s u r e  and low dissocia-  
tion p r e s s u r e  at the operating tempera ture .  Finally, the ma te r i a l  mus t  be 
amenable to preparation i n  a pure,  s ingle-crystal  fo rm and to fabrication 
of p-n junctions. Such propert ies  a r e  to be  found among the compound 
semiconductors, where the 111-V compounds a r e  promising mater ia l s .  

In 

The 111-V compound semiconductor A1P has received l i t t le attention 
in the past ,  while various o thers  of this  family have been studied exten- 
sively and characterized reasonably well. This situation is understand- 
able when it i s  realized that A1P  has  a melting point i n  excess  of 2000 C 
and a dissociation p res su re  of tens of a tmospheres  at its melting point. 
Preparat ion of A1 P utilizing vapor-phase reactions gives relief f r o m  the 
high melting temperatures  and p res su res .  
vantages that crystal  growth takes  place well below the melting t empera -  
t u re  and epitaxial growth may be achieved on substrates  of lower melting 
compounds o r  elemental semiconductors. In addition, this  technique i s  
the one involved in the versa t i le  epitaxial-device techniques being applied 
today. It i s  noted that A1P is a compound that i s  isoelectronic with the 
most  useful of the Group IV elemental  semiconductors,  silicon. Other 
111-V compounds, which a r e  isoelectronic to Group IV semiconductors,  
a r e  GaAs and InSb - two compounds that a r e  by f a r  the mos t  interest ing 
and potentially useful of the family i n  the i r  respect ive band-gap ranges.  

This technique has  the ad- 
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PRIOR WORK ON ALUMINUM PHOSPHIDE 

A review of the  l i t e ra ture  on the subject of the  preparat ion 9f A1P up 
to  1944 is given by White and Bushey (Ref. 1). 
existence of s eve ra l  compounds of aluminum and phosphorus, such as 
Al3P5, A17P3, Al1jP3, and Al3P; however, these  authors contend that the re  
is only one compound, Alp ,  which has the zinc-blende s t ruc ture .  Rabenau 
(Ref. 2) has continued the review up  to 1960, which includes preparation of 
A1P by reacting fine-grained aluminum powder o r  liquid aluminum with red  
phosphorus o r  phosphorus vapor a t  temperatures  in  the range 500 to  1500 C 
and by crystall izing A1P f r o m  liquid zinc saturated with aluminum and 
phosphorus. 

Early work indicated the 

In reactions involving powdered aluminum, the product obtained is a 
slightly sintered, powdery mass containing, in addition to the compound 
Alp ,  l a r g e  amounts of free aluminum, Al2O3, and AlPO4. Upon reacting 
molten aluminum with phosphorus vapor, the product obtained is e i ther  
pulverized, in a state similar to  the product mentioned above, o r  is  in the 
f o r m  of small c rys ta l s  of A1P imbedded in a matrix of aluminum f r o m  
which the A1P c rys t a l s  m u s t  be  tediously removed by mechanical o r  chemi- 
cal means.  
because extremely slow crystallization rates mus t  be maintained, and the 
result ing A1P is subject to  contamination by zinc. 

The crystall ization f r o m  liquid zinc is difficult to  c a r r y  out 

Since 1960, chemical-vapor-deposition techniques have become 
widely used  to  p repa re  epitaxial layers of silicon, germanium, and the 
111-V compound semiconductors. In addition to  Battelle work, initiated in 
1964 with the  resulting publication b y  Reid, Mil ler ,  and Goering (Ref. 3), 
the u s e  of vapor-deposition techniques f o r  the  preparat ion of A1P has been 
reported by Bolger and Bar ry  (Ref. 4) and Richman (Ref. 5). 

Latt ice-constant determinations have yielded values fo r  A1P of 
5.4625 f 0. 0005 A (Ref. 5), 5.467 * 0,002 A (Ref. 6 ) ,  5.462 A (Ref. 7), 
and 5.451 A (Refs. 1 and 8).  Values of the room-tempera ture  optical band 
gap of A1P have been reported to  b e  2.42 ev (Ref. 9), 2.45 ev (Ref. 5), and 
3.0 ev. ‘k 
have been observed with A1P crys ta l s  (Ref.  9 ) .  However, in general ,  very 
little has  been reported on the electr ical  propert ies  of A lp .  

Electroluminescence, photoluminescence, and photoconductivity 

T h i s  value of 3 ev has been quoted for some years; however, it has not been possible to trace the value 
back to an original reference. The  value is quoted in two different chapters of Hannay’s book 
Semiconductors, Reinhold Publishing Corporation, 1959. 
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The vaporization behavior of A1P has been studied by a Knudsen-cell- 

The equilibrium part ia l  p r e s -  
a t  this tempera ture  were  2 .4  x l o w 6 ,  2. 8 x 

At about 1530 C, the respective 

mass-spectrometr ic  technique (Ref. 10). In this work, the gaseous A1P 
molecule was f i r s t  detected at  about 1400 C. 
su res  of Al(g),  and 

and 9 x 10-2 rnm of Hg, respectively. 
par t ia l  p ressures  were  1 .4  x 1.3,  and 2. 0 x 10-1 mm of Hg. 

EXPERIMENTAL DETAILS 

Vapor Flow System 

Figure 1 is an i l lustration of the important features  of the vapor-flow 
sys tem being used in  the preparation of Alp.  The chemical reactions that 
appear to occur in the various tempera ture  zones are indicated. Through- 
out the high-temperature zones labeled T2 and T3, only ceramic  par t s  a r e  
used to  hold the molten aluminum source and the substrate  and to contain 
the vapor flow. The use  of ceramic  par t s  was introduced to eliminate 
quartz  par t s  that were  etched at the high tempera ture  by the cor ros ive  
vapors,  thus providing a source  of silicon a s  a contaminant to the Alp.  

The PH3, diluted with hydrogen, is supplied to the sys t em f r o m  a 
compressed-gas cylinder. The cold t r a p  shown i n  Figure 1 in the PH3 
vapor t r a in  was added to  remove water  f r o m  the commerc ia l  source  of 
PH3. An elemental phosphorus source  can be substituted for  the PH3 
source by replacing the cylinder with a phosphorus r e se rvo i r  through which 
hydrogen gas is passed. The r e se rvo i r  is held a t  a specific tempera ture  to 
provide a given phosphorus flow ra te  into the system. The use  of elemental  
phosphorus with the ceramic  sys tem has a drawback in that it i s  difficult to  
connect the phosphorus r e se rvo i r  to the ce ramic  pa r t s  and still maintain the 
phosphorus vapor at the r e se rvo i r  temperature .  Similarly,  PCl3 can se rve  
as  the source of phosphorus instead of the PH3. 
source,  c lose control of the PC13-to-AlI ra t io  i n  the subs t ra te  region mus t  
be maintained, e l s e  AlCl3 i s  formed at the expense of A1P formation. 

However, with the PCl3 

Figure 2 shows the details  of the high-temperature zones (labeled T2 
and T3 in Figure 1) of the reac tor  system. 
a r e  made of alumina (Al2O3) and include the reaction tube, inlet tubes f o r  
the introduction of iodine and phosphorus, the aluminum source  boat, and 
the substrate  holder. 
with the  iodine being brought into the sys t em by maintaining a constant 

All pa r t s  within these zones 

The predominant vapor flow is f r o m  left  to  right, 
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flow of hydrogen a s  a c a r r i e r  gas at a flow rate of 500 to  1000 cm3/min. 
source of phosphorus currently being used is a mixture of PH3 and H2 and is 
brought into the sys tem at a flow r a t e  of 20 to  100 cm3/min. 
directs  the PH3-H2 mixture through a region of the furnace in which the PH3 
dissociates into P 2  and H2 and exits these vapors into the reaction tube proper 
at a point ups t ream of the substrate  but downstream of the aluminum source.  
Some back diffusion of phosphorus against the predominantly left-to-right 
flow occurs  at this point, depending on the difference between the flow ra tes  
of the hydrogen c a r r i e r  gas directed through the iodine and PH3-Hz mixture.  
Phosphorus diffuses f a r  enough upstream to  reach the aluminum source if  
the iodine-s t ream flow becomes l e s s  than about 450 cm3/min grea te r  than 
that of the phosphorus s t ream.  

The 

The inlet tube 

Figure 3 shows in detail the design of a s ta inless  s tee l  end cap that 
is fitted on each end of the ceramic  reactor system with vacuum-tight O-ring 
sea ls  and provides entrance ports (ceramic tubes fitted with O-ring) and a 
stainless  s tee l  exhaust port  (not shown) fo r  waste  disposal. 
preparation of Alp ,  these end caps a re  maintained at a temperature  of 50 to  
100 c. 

During the 

Viton O-ring Alumina tube 

FIGURE 3. SCHEMATIC OF STAINLESS STEEL END CAP 

Full scale. 

The ceramic  system, as shown in Figure 2, has performed nicely 
with but one exception. After one o r  two experiments, the large-diameter  
ce ramic  tube usually will break. 
20 c m  downstream f rom the left end of the furnace, where A1P first 
fo rms  on the tube wall and where there is a s teep  temperature  gradient. 
Since it is difficult to  find tubes having the same diameter,  the end caps 

The break  occurs  at a position about 
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often have to  be  modified to  f i t  each tube. The tube with the end caps can 
be retained for  a l a r g e r  number of experiments by using a n  alumina l iner  
tube inside the reactor sys tem and replacing the l iner  af ter  one o r  two 
experiments.  

Puri ty  and Handling of Starting Mater ia ls  

The aluminum used i s  obtained commercially* a s  99.999 percent  
pure. 
capacity of about 5 cm3. 
mesh  S i c  paper and etched in  boiling 9:l  H3PO4: HNO3 for  about 10 min- 
utes. 
pump vacuum for 30 minutes. 
aluminum is evaporated during this heat t reatment .  

It is cut into pieces to  f i t  into high-purity A1203 boats which have a 
P r i o r  to  loading, the aluminum is lapped on 6 0 0 -  

After loading, the aluminum is heat t reated at 1100 C under a fore-  
Approximately 0 .05  to 0. 1 g r a m  of 

The iodine used to  t ranspor t  the aluminum is obtained commercially** 
as 99.9999 percent pure, and enough iodine (300 g rams)  for  s eve ra l  ex- 
per iments  is placed in a U-shaped Pyrex  reservoi r .  
schematically the iodine r e se rvo i r  and iodine t ranspor t  ra te  a s  a function 
of tempera ture  when hydrogen is passed through the r e se rvo i r  at 500 and 
1000 cm3/min.  The source  of the hydrogen c a r r i e r  gas is commercial ly  
available t a n k  hydrogen which i s  purified by diffusion through palladium. 
The hydrogen flow i s  controlled and monitored by a flowmeter located 
ups t ream of the iodine reservoi r .  
the reac tor  system by a shor t  piece of high-temperature si l icone-rubber 
tubing. 
with a heating tape and maintained a t  a tempera ture  higher than the 
reservoi r  temperature  to prevent iodine f r o m  condensing out of the 1 2 - H ~  
mixture.  

Figure 4 shows 

The iodine r e se rvo i r  i s  connected to 

The portion of the iodine t r a i n  outside the furnace i s  wrapped 

Phosphine is obtained commercially'K:k* a s  a mixture  of e i ther  5 o r  
10 percent PH3 in H2 and is me te red  direct ly  f r o m  a s tandard cylinder 
to  the reac tor  system. 
PH3-Hz mixtures and using pure hydrogen to  compare the experimentally 
determined flow fac tor  with the calculated flow factor between the two 
gases to  check the dilution factor. Normally a cold t r a p  cooled with a 
mixture  of solid C 0 2  and acetone i s  used to  remove water  f r o m  the PH3- 
H2 mixture.  

The flowmeter has been calibrated using the 

*AIAG Metals, Inc . ,  New York, New York. 
Wallard-Schlesinger Chemical Manufacturing Corporation, Garden City, New York. 

%atheson Company, Rutherford, New Jersey. 
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Yellow phosphorus i s  obtained commerciallyak a s  99.999 percent pure 
and is recrystall ized at least  once by a sublimation in high-purity hydrogen. 
Individual charges a r e  used for  each experiment and a r e  contained in a 
break-sea l  vial which is broken only after it is attached to the reaction 
system. 
and the phosphorus temperature.  Phosphorus flow ra tes  i n  the range 0 . 1  
to 1 g /h r  a r e  obtained with a hydrogen flow ra t e  of about 20 c m  /min and 
at tempera tures  i n  the range 200 to 280 C. 

The phosphorus flow rate  is determined by the hydrogen flow ra t e  

3 

Phosphorus tr ichloride is obtained only as cp  grade and may be given 
severa l  vacuum distillations pr ior  to  use. As i n  the case  of the iodine, a 
la rge  reservoi r  of PC13 is used for  severa l  experiments without refilling. 
A constant -tempe r atur e bath maintained by circulating refr igerated water  
is used to  control the temperature  of the PCl3 reservoi r ,  permitting opera-  
tion in the range 5 t o  25 C. 
0.3 to  0. 9 cm3/hr ,  corresponding to phosphorus flow ra tes  of 0. 1 to 0.3 
g /hr ,  with a hydrogen flow ra t e  of about 20 cm3/hr .  

This provides PCl3 flow ra tes  in the range 

The s i l icon  substrates  a r e  single c rys ta l s  which may have a variety 
High-resistivity silicon has  been used p re -  of e lectr ical  characterist ics.  

dominantly, because it can be polished to a f iner  finish than can heavily 
doped silicon. The silicon is given a f i n a l  polish chemically by rotating 
it at 100 r p m  in 9:l HNO3 : HF. After polishing, the substrate  is boiled 
in a trichloroethylene bath for  2 minutes and the hot bath is then ul t ra-  
sonically agitated for 2 minutes. 
sonically agitated methyl alcohol and rinsed thoroughly in fi l tered deionized 
water.  The substrate i s  immersed  in H F  f o r  1 minute and rinsed throughly 
in alcohol pr ior  to being loaded into the reactor  sys tem under a flow of d ry  
argon o r  hydrogen gas. 

Next the substrate  is immersed  in  ul t ra-  

Preparat ion Procedure and Chemistry 

The following is a description of the procedure current ly  used for  
the vapor deposition of A1P onto silicon substrates .  
description, it w i l l  be well to  have i n  mind the schematic representation 
of the vapor-flow system shown i n  Figure 1 and the reac tor  sys tem shown 
in Figure 2. 

After baking for severa l  hours,  the sys tem is cooled to  room tempera-  
t u re  and a flow of argon is maintained through the sys tem while the lef t  
end cap is removed and the substrate  and aluminum source  a r e  loaded 
into the reactor ,  
nately i s  evacuated and filled with hydrogen seve ra l  t imes .  

When reading this 

All ceramic  pa r t s  a r e  baked under an active vacuum of 
t o r r  at temperatures  in excess  of their  ultimate use  temperatures .  

After the end cap has been replaced, the sys tem a l te r -  
After  a final 

T h e  American Agricultural Chemical Company, New York, New York. 
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evacuation, the reactor  is brought to operating temperature.  This is ac-  
complished by regulating the cur ren t  to each of the two separately wound 
resis tance furnaces.  The substrate  and aluminum source a r e  brought to  
tempera tures  of about 800 C and 1000 C, respectively, under an active 
vacuum. A hydrogen flow is then started through the sys tem via a bypass 
arrangement  on the iodine reservoi r  ( s ee  Figure 4) .  
reaches its final operating temperature and the aluminum source reaches 
about 1150 C, the hydrogen is directed through the iodine reservoi r .  
Finally, when the aluminum source and iodine reservoi r  a r e  stabilized at 
their  respective operating temperatures,  a flow of the PH3-H2 mixture is 
started.  

When the substrate  

Vapor deposition is continued f o r  10 to 20 hours, depending on the 
deposit thickness desired.  
60 p/hr. 
to  pure H2, the PH3 t H2 flow is stopped, and power to  the furnaces is 
shut off. 
unloaded. 

Deposition ra tes  have been in the range 10 to  
After a prescr ibed deposition t ime, the 12 t H2 flow is changed 

A flow of hydrogen is  continued until the reac tor  system is 

The vapor-deposition scheme was designed to  take advantage of the 
formation of a subiodide of aluminum at the aluminum source,  according 
to the reaction 

and the re lease  of f r e e  aluminum from the A11 i n  the substrate  region, 
according to the reaction 

( 2) 3A1I = 2 A1 t A113 

or ,  in the presence of P2 ,  

The A1P thus formed may be deposited on the substrate.  It is noted that 
the AlI3 remains in the vapor and i s  deposited outside the furnace region. 
Figure 5 is a plot of the f ree  energies of formation of severa l  aluminum 
halides as a function of temperature  (Ref. 11). It is noted that formation 
of A11 is favored (relat ive to  that of AlI3) at aluminum-source tempera-  
t u re s  above about 1100 C. When the A11 is cooled below 1100 C as  it ap- 
proaches the substrate,  the disproportionation shown i n  Reaction (2)  is 
favored. 
of aluminum a r e  included i n  Figure 5 f o r  comparison. 

The f r e e  energies of formation of the corresponding chlorides 
Aluminum-source 
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temperatures  in excess  of about 1300 C would be required i n  o rde r  to utilize 
this halogen in place of iodine in an analogous reaction scheme. 

The formation of A11 at various aluminum-source tempera tures  has  
been studied experimentally. 
plotted ( a s  a function of temperature)  the ratio of the number of moles of 
A11 to  the sum of the number of moles of A11 and AlI3 produced with a n  
iodine flow ra te  in  the range 0. 7 to 2 g/hr.  The distribution of aluminum 
iodides was obtained assuming that all the iodine was reacted and that the 
only products were  A11 and AlI3. At an aluminum-source temperature  of 
about 1160 C, the product of the aluminum and iodine reaction is  nearly 
100 percent A1I. 
t u r e  and is down to  60 to  80 percent i n  the aluminum-source temperature  
range 1125 to  1135 C. 

Results a r e  shown i n  Figure 6 i n  which is 

The production of A11 decreases  rapidly with tempera-  

At higher iodine flow ra tes ,  on the o rde r  of 5 g /h r ,  the apparent 
A11 production usually is less than 50 percent a t  1130 C. 
decrease  would result  if a portion of the iodine is going through the reactor  
system unreacted at  the higher iodine flow rates .  It is advisable to  use  the 
higher aluminum-source tempera ture  of about 1160 C and moderate iodine 
flow ra tes  to  achieve the one-to-one relationship between gram-atoms of 
aluminum transported away f rom the source and the gram-atoms of iodine 
t ransported f rom the iodine reservoi r ,  Hence, the number of g r a m  atoms 
of f r ee  aluminum available to  fo rm A1P in the substrate  region can be cal-  
culated according to  Reaction ( 2 ) ,  and the number of g r a m  atoms of phos- 
phorus introduced into the reac tor  system can be selected to  yield a variety 
of aluminum-to-phosphorus atom ratios in  the vapor at the point of 
deposition. 

This apparent 

Electr ical  Measurements 

Samples for electrical-properties studies have been obtained f r o m  
A1P layers  grown on silicon substrates and f rom needles and crys ta l s  that  
were  nucleated and grew on the P 2  inlet tube and other ceramic  par t s  of 
the system. 
layers .  Parallelepipeds were  cleaved f rom the layers ,  and solder con- 
tacts  were  applied with ultrasonic agitation. To facil i tate measurements  
to  500 C, p re s su re  contacts were  placed on thin layers  of metal  at points 
on the Alp .  
shaping, and contacts were  applied as  discussed above. 
a soldered contact i s  m o r e  easily made on an as-grown surface of A1P 
than on a lapped o r  polished surface.  

The silicon substrates  were lapped away, leaving the A1P 

Well-formed needles of A1P were used without fur ther  
It is noted that 
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The electr ical  propert ies  of pr ime in te res t  as s tandards of mater ia l  
quality and device potential a r e  electrical  conductivity, Hall coefficient, 
c a r r i e r  mobility, and c a r r i e r  concentration. Of these,  the f i r s t  two, 0 and 
RH, a r e  determined experimentally. Measurements  of u and R H  and the i r  
t empera ture  dependence yield values of cha rge -ca r r i e r  concentration, dis  - 
tinguish between conduction by electrons and conduction by holes, and yield 
values of c a r r i e r  mobility. 

EXPERIMENTAL RESULTS 

Impurity C ont ent and El e c t r ic  a1 Pr ope r t ie s 

Silicon i s  the major  impurity found by emission-spectrographic anal-  
ysis,  in A1P crys ta l s  prepared in  the subject research .  Since the A1P is 
found to  be  n-type with c a r r i e r  concentrations usually on the s a m e  o rde r  as 
the silicon concentration, it appears  that silicon en ters  the A1P substitu- 
tionally on the aluminum sublattice, acting as a donor impurity. This is 
s imi la r  to  the usual behavior of silicon in  GaAs, Gap,  and InP. 

Table I i s  a compilation of the silicon content and f ree-e lec t ron  
concentrations for  A1P samples  prepared under various conditions, p r i -  
mar i ly  in the  ce ramic  reac tor  system. The free-electron concentration, 
n, was determined f r o m  Hall-effect measurements  at room temperature ,  
assuming n = 1 / R ~ e ,  where RH i s  the Hall coefficient and e is the charge 
on an electron. 
and by the number of silicon atoms per cubic centimeter.  Crystall ine A1P 
contains approximately 5 x 1022 atoms/cm3. 
silicon contents in A l P  samples  prepared in a quartz  reactor ,  copper con- 
centrations in the A1P were  relatively large,  e. g . ,  A1P f r o m  the quartz  
reac tor  ( s e e  Experiment Number 2) contained 50 ppm (atomic) copper as 
compared with A1P f r o m  the ce ramic  reac tor  (all other  experiments shown) 
which contained approximately 2 ppm (atomic) copper. 

The silicon concentration is expressed  in ppm (atomic) 

In addition to the la rge  

It is to  be noted that GaP  and GaAs substrates  were  substituted for  

It does not appear  that  such 
the silicon substrates  to determine whether o r  not the A l P  was being con- 
taminated with silicon f rom the substrate. 
contamination occurs  to a significant extent under the experimental  condi- 
tions used and a t  the present  level of contamination. 
A1P prepared  using PH3 exhibited moderately l a rge  resis t ivi t ies  (>lo0 
ohm-cm) and low c a r r i e r  concentrations, e. g., s ee  Sample 28 in  Table I. 
It is  noted, however, that  these  layers contained about 50 ppm silicon a s  

The first layers  of 



TABLE I 
SILICON CONCENTRATIONS IN SELECTED SAMPLES OF A1P 

Substrate Silicon Silicon Free -Electron 
Temperature, Substrate Content, Content, Concentration, 

Experiment C Material ppm atoms /cm3 cm-3 

d a )  1000 Si 1000 5. o 1019 5.5 1 0 ~ 9  

49 1020 Si _-  -- 1.8 x 1019 

52 1010 GaP 500 2.5 1019 2.0 1019 

62 9 80 GaAs 30 1.5 x 1018 1.4 x 10l8 

95 1120 Si 40 2.0 x 1018 1.3 x 10l8 

97 1150 Si 40 2.0 x 1018 1.4 x 1018 

2db) 960 Si 50 2.5 x 1018 4015 

(a) Reactor material was quartz throughout for Experiment 2. In all other experiments shown, ceramic parts 
were used. 

(b) The cold trap in  the PH3 vapor train (see Figure 1) was not present in  this experiment. 

determined by emission-spectrographic analysis. After a few experi-  
ments produced s imilar  resul ts ,  a cold t r a p  at  about -73 C was placed in 
the PH3 vapor train to remove a n y  water  vapor which might be present  
and se rve  as a source of oxygen. This addition to the system was sug- 
gested to  improve crystal-growth conditions by preventing a n  oxide f r o m  
forming on the substrate. An appreciable amount of H 2 0  was collected 
during each experiment with the cold t r ap  present.  The subsequently 
produced layers  exhibited electr ical  propert ies  commensurate with the i r  
respective silicon contents, e. g. ,  s ee  Samples 52, 62, 95, and 97  i n  
Table I. 
vapor t ra in  have produced relatively high-resistivity Alp.  

All  experiments i n  which a cold t r a p  was not present  i n  the PH3 

It appears,  therefore ,  that the inclusion of oxygen during the growth 
of A1P has a n  effect on the electr ical  propert ies  of the resulting layers .  
The effect  is s imilar  to that described by Reid, Baxter, and Miller 
(Ref. 12) in the case of work on GaAs i n  which it appeared that oxygen 
combined with silicon to  mask  it as an electrically active impurity. 
Crystals  of GaAs grown with oxygen present  could contain as much as 
10 ppm silicon and yet have c a r r i e r  concentrations of l e s s  than 1 x 10 16 
cm-3 and electron mobilities of grea te r  than 6000 cm2/volt-sec.  

16 



Table I1 is a compilation of the electr ical  propert ies  of selected Sam- 
ples of Alp.  
mobility values quoted a r e  f o r  electrons. With the exception of the afore- 
mentioned correlation of electron concentration and silicon content and of 
resist ivity and the presence of oxygen, the  electr ical  propert ies  of the A1P 
samples show no apparent dependence on preparation conditions o r  c rys ta l  
morphology. 
sentative of preparations involving vapors containing phosphorus -to- 
aluminum atom ratios in the range 0 .5  to  2, of monocrystalline a s  opposed 
to polycrystalline samples,  and of epitaxial l ayers  a s  opposed to  needles. 
It is  noted that Sample 97 exhibits the bes t  combination of c a r r i e r  concen- 
tration (1.4 x 1018 cm-3) and mobility (80 cm2/volt-sec) achieved to  date. 
This ma te r i a l  was grown at about 11 50 C using a phosphorus-to-aluminum 
ratio of about 0.6. 
1017 cm-3).  
suggests the possibility that the low c a r r i e r  concentration was achieved by 
impurity compensation rather  than b y  impurity removal. 

All samples prepared to date have been n-type, hence the 

Among the samples  shown in Table 11 a r e  examples r ep re -  

Sample 107 has  a low c a r r i e r  concentration (4. 5 x 
However, the low electron-mobility value (5 cm2/volt-sec) 

Figure 7 is a plot of resist ivity and Hall coefficient as functions of 
tempera ture  for  a relatively low-resistivity sample of A1P (Sample 95). 
Figure 8 is a plot of resist ivity as  a function of temperature  fo r  two Sam- 
ples of relatively high resist ivity,  obtained in preparations where the cold 
t r a p  was not present  i n  the PH3 vapor train.  

Character of Deposits 

In general, the experimental  preparations yielding the most  promis  - 
ing crystal-growth resul ts  have been made using an aluminum-to- 
phosphorus ratio grea te r  than unity, a substrate  temperature  in the range 
1120 to  1180 C, and a temperature  gradient in the substrate  region of 
about 10 deg/cm. 
subs t ra tes  was shown to be epitaxial, a s  determined f r o m  the analysis of 
back-reflection X-ray Laue patterns.  
500 pm thick and some were  removed f r o m  the substrates pr ior  to  the 
X-ray analysis.  

The growth of A1P l ayers  on { 111) and { 100) silicon 

These layers  have been 50 to 

Layers  of A1P prepared using lower substrate  temperatures  (950 
to  1050 C) and no temperature  gradient i n  the substrate  region have been 
polycrystalline. 
t empera tures  estimated to be  as low as 950 C, but in a tempera ture  
gradient of about 80 deg/cm. Hence, actual substrate  temperatures  
could have been higher i f  the  substrates were  misplaced slightly, o r  the 
establishment of a temperature  gradient a c r o s s  the substrate  may have 

In the past  (Ref. 3) ,  epitaxial layers  were produced at  

17 



TABLE 11 
ELECTRICAL PROPERTIES O F  A1P SAMPLES 

Temperature of Electron C a r r i e r  
Measurement, Resistivity, Mobility, Concentration, 

Sample K ohm-cm cm2/volt-sec cm-3 

1 

2 

3 

49 

52 

62 

95 

298 

298 

0.0032 60 

26 

9 

~~ ~~ 

3.1 1019 

5.5 1019 

1 .8  1019 

2. o 1019 

1 . 4  x 1018 

1 . 6  x 1019 

1 . 3  x 1018 
6 .8  x 1017 

1 . 4  x 1018 
4 .5  1017 

4 .5  1017 

4 .5  x 1018 

4 .1  x 1018 

6 .2  x 1018 

1 .8  x 1018 

0.0044 

0.044 298 

298 0.018 19 

36 298 

298 

0.0085 

0.405 11 

298 
77 

0.0654 
0.304 

75 
30 

97 298 
77 

0.0555 
0.455 

80 
31 

107 

llOA 

llOB 

113 

118 

104(a) 

1 2 w  

28(a) 

298 

298 

298 

2. 68 

0.0246 

0.0416 

5 

41 

33 

298 0.0661 23 

298 

298 

0.0704 50 

360 

298 250 

298 
3 50 
40 0 

500 
210 
100 

(a)  The cold trap in the PH3 vapor train (see Figure 1) was not present when this sample was prepared. 
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Crystals  of A1P a r e  chemically stable in d ry  air but hydrolyze in 
moist  air with the evolution of phosphine and the production of Al2O3. 
Sizable c rys ta l s  of A1P a r e  much l e s s  reactive with moist  air than is 
powder. Also, pure ma te r i a l  is less reactive than impure mater ia l .  
least  react ive mater ia l  prepared to date has been the highest-purity, 
single-crystal  All? prepared using a phosphorus -to-aluminum ratio of less 
than unity i n  the vapor-phase growth scheme. Such crys ta l s  were  still in- 
tac t  and usable after an exposure of 24 hours to  ambient air at approxi- 
mately 50 percent humidity. For  comparison, impure powdered A1P 
would be  completely reduced to A1203 in a ma t t e r  of a few minutes when 
exposed to  the same conditions. 

The 

been the important difference. At this time, experiments using substrate  
tempera tures  >1100 C and no temperature  gradient o r  experiments using 
substrate  tempera tures  <lo50 C and a moderate  temperature  gradient have 
not been attempted. 

As indicated, another experimental condition that has an effect on 

The procedure used to  
the charac te r  of the deposit is the phosphorus-to-aluminum atom ratio 
present  i n  the vapor and available t o  fo rm Alp. 
determine this ra t io  fo r  comparison purposes is to  assume that a l l  of the 
phosphorus metered into the sys tem is available and that two-thirds of the 
aluminum transported as A11 is available. 
have been identified in which the individual A1P deposits as members  of a 
group have distinctive physical properties in common. 

Three character is t ic  groups 

Depositions at phosphorus-to-aluminum rat ios  in the range of 3 to  
4 appear bright green in color. Complete coverage of the substrate  usually 
i s  not attained, and the deposit consists of individual c lusters  of c rys ta l -  
l i tes.  It is noted that at the highly phosphorus-rich conditions, c lus te rs  of 
A1P a r e  formed regardless  of whether o r  not water  vapor is removed f r o m  
the PH3-Hz mixture. In fact there  is no evidence to suggest that the c lus te r -  
ing was the resul t  of an oxide layer  on the silicon substrate.  
phosphorus-to-aluminum ratios i n  the range of 1 to  2 appear greenish yellow 
to dull yellow in color. 
deposits that completely cover the substrates.  This description holds for  
deposits made on various substrate  mater ia ls  including silicon, Gap,  and 
GaAs. 
appear bright yellow i n  color and exceedingly t ransparent  a s  grown. 

Depositions at 

The deposits a r e  character ized as uniformly thick 

Depositions at phosphorus-to-aluminum rat ios  of l e s s  than unity 
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ANALYSIS O F  RESULTS AND RECOMMENDATIONS 

The results to  date have shown an improvement i n  the quality of A1P 
layers deposited by vapor-growth techniques. Reductions i n  impurity con- 
tent by eliminating the use of quartz par t s  in the high-temperature regions 
of the reac tor  a re  encouraging. However, the electr ical  propert ies  and 
spectrographic analysis of the product formed in the ce ramic  reac tor  system 
suggest that additional purification is required. It i s  mos t  important that 
this purification be accomplished, since investigations i n  other a r e a s  are  
dependent on the availability of high-quality crystals .  
major  impurity problem is silicon and la rge  concentrations a r e  found in the 
A1P even when the a l l -ceramic reactor  sys tem i s  used. 
and G a P  substrates in place of silicon substrates  eliminated the silicon sub- 
s t r a t e  as a major source of silicon impurit ies at the  concentrations in  ques-  
tion. 
tem is proceeding as " t rade offs" become available. 
well be needed i n  cleaning and outgassing procedures.  

At the moment, the 

The use  of G a A s  

Upgrading of the purity of the ceramic  par t s  used in the reactor  s y s -  
Additional c a r e  may 

Although the A1P produced i n  the ceramic  sys tem still requires  
fur ther  purification, this ma te r i a l  is f a r  superior  to that produced in a 
quartz  system. 
tion scheme, a n  additional lowering of the f r e e - c a r r i e r  concentration in 
the A1P can be  achieved by the elimination of silicon electrically if not 
physically, Hence, a number of additional investigations a r e  now possible, 
including optical t ransmission and photoconductivity studies,  formation of 
p-n junctions by the addition of a reasonable concentration of dopants, and 
electr ical  contact studies on a nondegenerate mater ia l .  

It appears  that by including some oxygen in the prepara-  

The presence of the s ta inless  s tee l  cap on the  ups t ream end of the 
reac tor  sys tem and the accompanying difficulties that go with trying to 
make the connections airtight may be a source of impurit ies.  Investiga- 
tions a r e  under way at the present  t ime on the possibility of increasing 
the aluminum-source temperature  to  the point where the phosphorus can 
be passed over  this source without halting the production of A1I. 
along these lines would permit  the use  of a single inlet  por t  on the up- 
s t r e a m  end, which could be fashioned out of ceramics .  
permi t  the use  of lower flow ra tes  of the vapors,  which is likely to  contri-  
bute to  bet ter  crystal  growth. 

Success 

This would also 
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