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EXAMPLE II.                   26 at a rate of 2 cm[err]/minute. Additional
An N-type GaAs wafer 34 was placed in  hydrogen was admitted into the
mixing line     the reaction vessel 10 as shown in Figure 1.  15 at a rate
of 58 cm[err]/minute.     High purity gallium  was used as the feed
These conditions were maintained for 90  5  material 14. The reaction
vessel was flushed  minutes. The flow rate through bubbler 20  70     with
dry helium  and the individually con-  was then abruptly reduced from  30
to 9     trolled furnace zones 32 and 33 actuated to  cm[err]/minute and
the flow rate through bubbler     raise the temperature of the feed
material 14  26 simultaneously increased from  2 to 4     to 915[err]C and
the substrate wafer 34 to 790[err]C.  cm[err]/minute. The additional
hydrogen being 10  The first bubbler 20 was filled with AsCl[err]  admitted
into the mixing line 15 was increased  75     and maintained at room
temperature. The  from 58 to 93 cm[err]/minute. These conditions     second
bubbler containing PCl[err] was also main-  were maintained for 120
minutes. The flow of     tained at room temperature. When the sub-
hydrogen through bubbler 20 was then stopped     strate and the feed
material reached the  and the flow through bubbler 26 again in- 15
designated temperatures, the helium flush was  creased from 4 to 9
cm[err]/minute. These con- 80     stopped and hydrogen passing through
valve  ditions were maintained for 90 minutes. All     35 was admitted into
the reaction vessel 10  hydrogen was then stopped and dry helium
through inlet 12 at the rate of 20 cm[err]/minute.. through valve 40
flushed through the reaction     Hydrogen was passed through the AsCl[err]
in  vessel 10 while the substrate 34 was allowed 20  bubbler 20 at the rate
of 30 cm[err]/minute and  to cool to room temperature. Upon examin-  85
through the PCI[err] in bubbler 26 at the rate of  ation, the GaAs
substrate 34 was found to     2cm[err]/minute. During the first 20 minute
have an epitaxial layer of GaAs[err]PO[err] 47     deposition period, the
hydrogen flow rates were  microns thick, another epitaxial layer of
gradually changed as follows: the flow rate  GaAs[err]P[err] 60 microns
thick, and a third 25  through the AsCl[err] in bubbler 20 was gradually
epitaxial layer of GaP 52 microns thick.  90     reduced from  30
cm[err]/minute to zero. The    The  mixed  composition  semiconductor
flow rate through the PCl[err] in bubbler 26 was  material formed by the
above process was     simultaneously  increased  from  2  to  7
monocrystalline and was epitaxially grown as     cm[err]/minute. Additional
hydrogen was intro-  an extension of the crystal structure of the 30  duced
through mixing line 15 initially at 58  substrate wafer. It will be
understood that the  95     cm'/minute and was gradually increased to
resultant material and the original substrate     101 cm[err]/minute. The
changes were made  wafer comprise a single monocrystalline wafer,
gradually and simultaneously. At the end of  although the composition of
the material varies     the 20 minute period these conditions were  from
GaAs (substrate 34) to GaP. 35  maintained for an additional 4 hours. All
The resultant layered structure is illustrated 100     hydrogen was then
stopped and dry helium  in Figure 4. The substrate wafer is shown at
through valve 40 flushed through the reaction  34, upon which is
epitaxially deposited a layer     vessel 10 while the substrate 34 was
allowed to  90 of GaAs[err]P[err] Layer 90 is of the same     cool to room
temperature.                     crystal orientation as wafer 34 and is
formed 



40    The material formed during the first 20  as a continuous extension of
the crystal lattice. 105     minutes was monoorystalline material in which
Adjoining the GaAS[err]P[err] layer 90 is a     the composition  varied
with  depth  from   GaAs[err]P[err] layer 91, which is also a con-
GaAs[err]P[err] at the interface adjoining the  tinuous extension of the
original crystal lattice     GaAs substrate to GaP. The layer was  of wafer
34. The top layer 92 is an epitaxial 45  approximately 4 microns thick. The
material  layer of GaP deposited on the surface of 110     deposited during
the last 4 hours of the deposi-  layer 91. Thus the original crystal
orientation     tion run was GaP since no AsCl[err] was admitted  of wafer
34 is propagated by the growth of     to the reaction chamber.
mixed composition material on the surface                     EXAMPLE III.
thereof, producing a single monocrystalline 50    An N-type GaAs wafer 34
was placed in the  mass or wafer comprised of layers of different 115
reaction vessel 10 as shown in Figure 1. High  semiconductor materials.
purity gallium was used as the feed material    It has been found that the
important vari-     14. The bubblers 20 and 26 contained AsCl[err]  ables
which control the composition of the     and PCl[err], respectively. Dry
helium admitted  product material are composition of the feed 55  through
valve 40 was flushed through the  material and the ratio of AsCl[err] to
PCl[err] intro- 120     reaction vessel 10 and the heating elements 32
duced into the apparatus. With respect to com-     and 33 were activated to
bring the temperature position of the feed material, the complete     of
the gallium 14 to 950[err]C and the substrate  composition range of
GaAs[err]P[err] for values of     wafer 34 to 790[err]C. When the desired
tem-  x from zero to unity has been epitaxially grown 60  peratures were
obtained, the helium flush was  on GaAs substrates using pure gallium as
the 125     stopped and purified hydrogen was admitted  feed material in
accordance with the inven-     into the vessel 10 through inlet 12 at a
rate of  tion, but if gallium arsenide is used as the     20
cm[err]/minute. Hydrogen was passed through  feed material, which use does
not form part     the AsCl[err] in bubbler 20 at a rate of 30  of the
invention, the composition range of the 65  cm[err]/minute and through the
PCl[err] in bubbler  product material is limited as hereinafter ex- 130
1,097,551                                     5       plained. The ratio of
AsCl[err] to PCl[err] may be  x in material of the form GaAs[err]P[err]
produced      controllably varied by any of several means.  in the
apparatus of Figure 1 versus the mole  For abrupt changes in the ratio of
As[err]Cl[err] to  ratio      PCl[err], for example, a [err] increase in
the             [err]   5  flow rate of hydrogen through the appropriate
bubbler by appropriate adjustment of values      16 and 22 will result in
an increase in the      amount of vapor of that particular halide being
injected into the reaction vessel 10. As can be  45      introduced into
the reaction vessel 10, and  seen from the figure, the complete composi-
10  consequently change the composition of the  tion range has been
synthesized using Ga feed       product material. A gradual change in the
material. However, GaAs[err]P[err] was the high- 



temperature of the appropriate bubbler will est phosphorous composition
produced using       also change the amount of halide vapor intro-  GaAs
feed material. This material was pro-  50       duced into the reaction
chamber.           duced when the mole ratio   15  The vapor pressure of
the halide liquid (and       the concentration of halide in the gas above
[err]       the halide liquid) varies with temperature. By
introducing the carrier gas below the surface       of the liquid in the
bubblers, the incoming   20  gas displaces the vapor-containing gas in the
=1, or simply stated, when only PCl[err] was       bubblers. The
vapor-containing gas is then  injected into the reaction vessel 10.
introduced into the reaction vessel. Thus the    The following
characterizes the probable  55       flow rate of the carrier through the
bubbler  chemical reactions involved in the process       and the
temperature of the bubbler both affect  of the invention. The reaction
between Ga and   25  the amount of halide vapor introduced into  a halide
source will form mono-, di-, and tri-       the reaction vessel. The flow
rate and the  halides. The di-halide is thought to be a       temperature
of each bubbler may be indi-  loosely associated Ga(GaCl[err]) complex and
60       vidually controlled. A gradual change in the  probably does not
exist in the gaseous state.       temperature of one or both of the
bubblers is  The gallium feed data in Figure 3 indicates   30  particularly
useful in producing epitaxial layers  that the composition of
GaAs[err]P[err] formed is       in which the composition of the Group V
roughly proportional to the mole ratio of       elements varies with depth.
Furthermore, the  arsenic to phosphorus present in the reaction  65
desired temperature change can be auto-  vessel.       matically controlled
by a suitable temperature    The GaAs feed data in Figure 3 have shown 35
programming.                                that the reaction between
PCl[err] and GaAs pro-         Figure 3 illwtrates the effect of the mole
duces GaAs[err]P[err]. This indicates that the       ratio of AsCl[err] to
PCl[err] introduced into the  ratio of arsenic to phosphorus present in the
70       system on the product composition for Ga and  deposition zone must
be two to one. Equation       GaAs feed materials. The data shown in  (1),
40  Figure 3 is a rectilinear plot of the value of                        4
GaAs+2 PCl[err]3 GaCl+ GaCl[err]+As[err]+1/2P[err],                Eq. (1)
gives such a ratio. Assuming that 3 moles of one can propose the following
over-all series   75  GaCl are formed for every mole of GaCl[err],  of
reactions:                [err]                                         Eq.
(2)                                                                Eq. (3)
80                      [err]                                           4
4                 forming gallium which is then able to react 85
where x= [err]                             (Eq. 4) with the arsenic and
phosphorus avail-                  3                                able in
the gas phase. Thus, the mole ratio          First, the GaAs reacts with
the AsCl[err] and of PCl[err] to AsCl[err] necessary to form a desired 



PCl[err] (Eq. 2). In the decreasing temperature  composition of
GaAs[err]P[err] using GaAs feed   7   gradient the GaCl disproportionates
(Eq. 3),  material may be determined by the substitution  90           6
1,097,551    of a predetermined value of X in the above
2+n    series of equations. For example, if the product  value of x = 0.8
since x [err] By    material to be produced is GaAs[err]P[err], the
3                                                substituting 0.4 for n in
the above series of
equations:                4 GaAs+2[0.4 AsCl[err]+0.6
PCl[err]][err]GaCl+GaCl[err]+As[err]+2
[err]                                       Eq. (2a)
6 Ga+As[err]+0.2 As[err]+ 0.3 P[err]GaAs[err]P[err]           Eq. (4a)
Thus, the mole ratio of                    AsCl[err] is the only arsenic
source. Moreover,                                                it will be
understood that indium (In) or                 [err]
aluminum (Al) may be substituted for gallium, 10
and antimony (Sb) may be substituted for 25                 either As or P
in the reactions described.
The growth rate of the ternary product is     must be 0.6.
primarily controlled by the temperature of the       The reaction shown in
Equation 2 is com-  substrate and the total flow rate of the re-
plicated by the fact that AsCl[err] and PCl[err] are  actants. In the
preferred mode of operation, 30     reduced by hydrogen at elevated
temperatures.  the total flow rate through a reaction vessel 15  This would
seem to indicate that while the  of about one inch in diameter is from
about     over-all reaction proposed in Equation (2)  100 cm[err]/minute to
about 150 cm[err]/minute.     describes our results, the mechanism may in-
Very high flow rates tend to cause etching of     volve HCl as an
intermediate.              the substrate, in which event epitaxial growth
35       The reactions with gallium  feed material  does not occur. Typical
growth rates of 20  are similar to the reaction with gallium arsen-
GaAs[err]P[err] observed at various substrate tem     ide feed material
except that in the former  peratures are shown in Table I.
1,097,551 
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The above process, although in terms of  tion of the vapor in tube 61 may
be provided           GaAs[err]P[err], is intended as illustrative and  by
an additional hydrogen input as described           not limitative. It is
to be understood that by  with reference to Figure 1. The carrier gas
using aluminum or indium as the feed material  passing through valve 67 and
flow meter 68           14 in the apparatus of Figure 1, various com-
enters a second bubbler 69 below the level of 70  positions of the mixed
compound semiconduc-  the liquid halide 70 of a Group V element     tor
materials AlAs[err]P[err] and InAs[err]P[err] may  contained therein.
Carrier gas saturated with           be produced by the same process.
Moreover,  vapors of the halide flows from the bubbler 69           halides
of antimony, for example SbCl[err] or  through tube 71 and enters the
constriction       10  SbCl[err] may be used in either of the bubblers  63
in the second reaction chamber 52 through  75           20 and 26 to
produce such compounds as  inlet 66. If a ternary compound of the formula
InSb[err]As[err], GaAs[err]Sb[err] and AlP[err]Sb[err].  A[err]B[err]D is
to be produced, the Group V           It will be understood that the
principles of  halide will be the same in both bubblers 59       15  the
above-described process may be applied to  and 69. The bubblers are
provided with tem-       15  produce any desired composition of ternary
perature controlling devices 72 and 73 to con-  80           compound
semiconductor material comprised  trol the amount of halide in the vapor,
and           of one of the Group III elements, Al, Ga, and  consequently
the amount of the Group V           In, and more than one of the Group V
element available for reaction.           elements, P, As, and Sb. If
desired, halides   The three chambers of the reaction vessel      20  of
As, P, and Sb may all be introduced into  50 are positioned within a
suitable furnace  85           the reaction vessel to produce a mixed com-
having three separately controlled temperature           position of one
Group III element and three  zones 82, 83, and 84, such that the reaction
Group V elements. Furthermore, since the- chambers 51 and 52 may be
individually main-           gaseous reactants can be varied or substituted
tained at different temperatures while the      25  during the production
process, wafers may be  deposition chamber 53 may be maintained at 90
produced wherein the composition of the  yet a third temperature. The
vapors enter the           material changes with the thickness of the
reaction vessel through inlets 56 and 66 and           material. By
introducing selected conductivity-  react with the Group III feed materials
55           affecting or type-determining impurities in the  and 64 to
form a ternary product which is      30  gas stream in predetermined
amounts, wafers  epitaxially deposited on the substrate 65 in  95 



may be produced having P-N  junctions  the deposition chamber. The reaction
by-           therein. Thus, for example, the collector, base,  products
are exhausted through outlet 81.    and emitter regions of a transistor may
be  Additional hydrogen passing through valve 74,           epitaxially
grown on a semiconductor substrate.  flow meter 75, and tube 76 enters the
reaction It will be appreciated that such junctions can  chamber 51 through
inlet 77 to assure com- 100 be formed at any stage in the production  plete
reaction and to assist the flow of re-           process.
actants to the deposition chamber. Likewise,             Apparatus suitable
for the production of  additional hydrogen passing through valve 78,
mixed composition compound semiconductors  flow meter 79, and tube 80
enters the second      40  of the  general formulae  A[err]B[err]D  and
reaction chamber 52 through inlet 62.       105
A[err]B[wee]D[err]E[err] in accordance with the inven-    Quarternary
compounds of the formula           tion is shown in Figure 2. The apparatus
com-  A[err]B[err]D[err]E[err] may also be produced with           prises a
reaction vessel 50 having two reaction  the apparatus shown in Figure 2.
For example,           chambers 51 and 52 and a deposition or growth  if
the compound semiconductor      45  chamber 53. Positioned within the
reaction   chamber 51 is a [err] 54 having an
In[err]Ga[err]As[err]Sb[err]             110           opening 54a and
containing a Group III feed           material 55, for example indium. An
inlet 56  is to be produced, indium and gallium may           is provided
to admit gas which flows through  be placed in constrictions 54 and 63; and
5   the constriction 54 and over the feed material  halides of arsenic and
antimony, for example           55 before entering the reaction chamber 51.
AsCl[err] and SbCl[err], placed in the bubblers 59           Likewise,
positioned within the second reaction  and 69. Similarly, other quarternary
com- 115           chamber 52 is a constriction 63 containing  pounds of
the Group III and Group V           another Group III feed material, for
example  elements may be produced by the proper selec-      55  gallium. A
substrate wafer 65 is positioned in  tion of the desired Group III elements
and           the deposition chamber 53. A carrier gas, for  Group V
halides. If desired, mixed composi-           example purified hydrogen, is
admitted into  tions of any combination having at least one 120
the apparatus through four valves 57, 67, 74,  element from  the  Group
III  elements           and 78. Carrier gas passing through valve 57
aluminum, gallium, and indium, and at least       60  and flow meter 58
enters a bubbler 59 below  one element from the Group V elements phos-
the level of a liquid halide 60 of a Group V   phorus, arsenic, and
antimony may be pro-           element, for example AsCl[err]. The carrier,
satur-  duced in the apparatus of Figure 2 in accord- 125           ated
with vapor of the liquid, flows through  ance with the invention by placing
the appro-           tube 61 and enters the constriction in reaction
priate reactant materials in the proper part       65  chamber 51 through
inlet 56. If desired, dilu-  of the apparatus.
1,097,551                                           9        Operation of
the apparatus of Figure 2 is  hydrogen are controllably admitted in the 



basically the same as for the apparatus of  desired proportions into each
of the reaction    Figure 1. For example, the ternary mixed  chambers 51
and 52. The resultant ternary  65    composition compound semiconductor
product, In[err]Ga[err]As, is epitaxially deposited
on the substrate wafer 65 with the value of y 5
In[err]Ga[err]As               controlled by the ratio of the flow rates
through                                                   bubblers 59 and
69. By proper control of these     may be produced by placing pure indium
55  flow rates, the value of y may be varied from  70     in constriction
54, pure gallium 64 in con-  zero to one. Furthermore, the flow rates may
striction 63, and AsCl[err] in both bubblers 59  be changed during the
growth process to     and 69. A suitable substrate 65 having a com-  form
layers of different composition in the 10  patible unit cell size, such as
GaAs or german-  same monocrystalline product. This is readily     ium for
example, is placed in the deposition  accomplished by a change in the flow
rate of 75     chamber 53. Dry helium is admitted through  hydrogen through
one or both of the bubblers.     valves 85 and 86 and flushed through the
The composition may also be changed gradu-     reaction vessel. Furnace
zones 82, 83, and 84  ally to produce a ternary product of graded 15  are
activated to bring the temperature of the  composition, that is, one in
which the com-     deposition chamber 53 to about 750[err]C, the  position
varies with the thickness of the deposit. 80     indium reaction chamber 51
to about 900[err]C,  This is most readily accomplished by gradu-     and
the gallium reaction chamber 52 to about  ally changing the temperature of
one of the     900[err]C. It will be understood that the tem-  bubblers.
Since the vapor pressure of the liquid 20  peratures of each of the
chambers 51, 52, and  Group V halide varies with temperature, the     53
may be advantageously selected to provide  concentration of halide vapor in
the space  85     optimum reaction conditions for the particular  above the
liquid in the bubbler varies with     reactant contained therein and may
vary from  temperature of the bubbler. By introducing     450[err]C to
1100[err]C in the deposition chamber  hydrogen below the liquid in the
bubbler, the 25  53 and from 600[err]C to 1300[err]C in the reaction  gas
above the liquid which contains the halide     chambers 51 and 52. The
preferred tempera-  vapor is displaced. Thus the temperature of  90
ture range for chambers 51 and 52 is from  the bubbler determines the
concentration of     850[err]C to 1050[err]C. The preferred temperature
halide vapor in the carrier gas.     range for the deposition chamber 53 is
from  It will be appreciated that in accordance 30  750[err]C to 950[err]C.
It is to be noted that the  with this invention mixed composition com-
limits of these temperature ranges are not criti-  pounds are produced
without using binary  95     cal and that useful results can be obtained
compounds. Furthermore, since the Group V     dependent on operating
conditions, outside  constituents are provided in a halide com-     these
preferred ranges.                       pound, it will be understood that a
third 35    When the desired temperatures are achieved,  bubbler may be
added to the apparatus of     the helium flush is stopped and hydrogen ad-
Figure 1 or Figure 2 to permit individually  100     mitted to the reaction
chambers through in-  controlled introduction of each of the three     lets
62 and 77. Hydrogen is then admitted  elements (P, Sb, As) into the
reaction vessel.     through valve 67 and flow meter 68 and  Thus the
amount of P, Sb, and/or As in the 40  bubbled through the liquid AsCl[err]
in bubbler  resultant product may be varied during the      69. The
hydrogen carrying AsCl[err] vapors then  growth of the material to provide
a con- 105      flows through tube 71 and is introduced into  tiguous
monocrystalline product comprising      the gallium reaction chamber 52 at
inlet 66.  layers of different semiconductor material, or      Likewise,
hydrogen passing through valve 57,  layers  of monocrystalline  material
which 45  flow meter 58, bubbler 59, and tube 61 carries  gradually change
in composition from  one 



AsCl[err] vapors to the indium reaction chamber  binary compound to another
binary compound. 110      51  and  is admitted  through  inlet 56.
Furthermore, the apparatus of Figure 2 can      In[err]Ga[err]As is formed
and epitaxially de-  also be used to produce material of the form posited
on the surface of the substrate wafer  A D[err]E[err] by placing Group V
material in 50  65. Reaction by-products are exhausted through  one of the
constrictions 54 or 63. In this case      exhaust 81. The composition of
the ternary  only carrier gas need be passed through the  115      product
is determined by the ratio of AsCl[err]  constriction containing the Group
V material.      introduced into the indium reaction chamber  It will be
understood that simple changes in      51 to the AsCl[err] introduced into
the gallium  the mixing tube arrangement may be made to 55  reaction
chamber 52. If no carrier gas is passed  provide the combination of
reactants necessary      through bubbler 59, no AsCl[err] will be present
for any desired product composition without 120 to react with and transport
the [err] into  departing from the spirit and scope of this chamber 51.
Thus the product will be GaAs.  invention.      Conversely, if no carrier
gas is passed through    It will also be understood that the principles  60
bubbler 69, there will be no AsCl[err] in the  applicable to the apparatus
of Figure 2 are  gallium chamber 52 and the product will be  equally
applicable to an apparatus having  125      InAs. However, by passing a
controlled flow  three or more reaction chambers communi-      of hydrogen
through both bubblers, AsCl[err] and  cating to a single growth chamber
wherein         10                                           1,097,551
the mixed composition material is deposited  GaAs[err]P[err] on a substrate
comprising       65     on a substrate.
(a) placing a supply of Ga in a first part     Doping impurities may be
included in the        of a reaction vessel, and a substrate in a
product material as grown to produce either         second part of the
vessel, 5  N- or P-type material. For example, the addi-    (b) maintaining
the Ga supply at 850[err]C to     tion of H[err]S to the carrier gas
results in a        1050[err]C,                           70
sulfur-doped semiconductor product. H[err]S may    (c) entraining halides
of arsenic and phos-     be admitted in controlled quantities to the
phorus in a gaseous carrier,     mixing tube in the arrangement of Figure 1
to    (d) introducing the carrier and the halides 10  produce N-type mixed
composition compound           into the first part of the reaction vessel,
semiconductor material. Impurities such as          and
75     zinc and cadmium  may be included to the    (e) maintaining a
decreasing temperature     Group III feed material, or may be included
gradient along the length of the reaction     in suitable form  in the
Group V halide to          vessel, the temperature decreasing in the 15
produce P-type material.                             direction of gas flow
and in the direction        WHAT WE CLAIM IS:-
leading from the first part to the second  80        1. A method of
producing a mixed com-          part of the vessel thereby causing the
position Group III-V  compound semicon-             mixed  composition
compound  semi-     ductor upon a substrate from the elements in
conductor material GaAs[err]P[err] to be 



20  Group III-V   according to the Table by              deposited on the
substrate.     Mendeleef wherein the mixed composition        4. A
modification of the method according  85     semiconductor  material  has
the  general  to claim 3, wherein the compound semicon-     formula
ductor material produced on the substrate is
Al[err]Ga[err]In[err]P[err]As[err]Sb[err]                InAs[err]Sb[err],
wherein the material placed in
the first part of the reaction vessel is indium, 25  wherein each of a, b,
c, d, e, and f range  and wherein halides of antimony and arsenic  90
from  zero  to  one  and  a+b+c=1 and  are entrained in the gaseous carrier
thereby     d +e+f =1, comprising the steps of            causing the
predetermined InAs[err]Sb[err] com-        (a) placing a supply of at least
one of the  pound to be deposited on the substrate.           highly pure
Group III elements Al, Ga,    5. A method of producing the mixed com- 30
or In in a first part of a reaction vessel,  position  compound
semiconductor material  95        (b) providing a substrate in a second
part  Ga[err]In[err]As on a substrate, comprising:           of the
reaction vessel spaced apart from  (a) placing a supply of indium  in a
first           the first part of the reaction vessel,        part of a
reaction vessel and a supply        (c) injecting a stream including at
least one    of gallium  in a second part of the 35        halide of the
Group V elements P, As,          reaction vessel,
100           or Sb into the first part of the vessel, the  (b) providing a
substrate in a third part           said stream including halides of at
least    of the vessel,           two of the said Group V elements when
(c) maintaining the gallium and the indium           only one of the said
Group III elements       at 850[err]C to 1050[err]C, 40        is placed in
the first part of the vessel,   (d) entraining a halide of arsenic in a
105           and at least two of the said Group III        gaseous
carrier,           elements being placed in the first part    (e)
introducing the carrier and the halide           of the vessel when only
one halide of         into the first and second parts of the           the
said Group V elements is included in     reaction vessel, and 45        the
said stream,                           (f)maintaining a decreasing
temperature  100       (d) heating the said supply in the first part
gradient along the length of the vessel,           of the reaction vessel
to a temperature       the temperature decreasing in the direc-
sufficient to cause a reaction between the   tion of gas flow and in the
direction           said supply and the constituents of the       leading
from the first and second parts 50        injected stream,
of the third part of the vessel, thereby  115       (e) transporting the
reactant products from     causing  the compound  semiconductor
the first part to the second part of the     material Ga[err]In[err]As to
be deposited           vessel, and                                   on the
substrate.        (f) maintaining the substrate at a tempera-   6. A
modification of the method according 55        ture sufficient to cause a
deposit of a  to claim 5 for producing the mixed composition  120
predetermined mixed composition com-  compound semiconductor material
pound of the said Group III and V           elements to be formed on the
substrate.               Ga[err]In[err]As[err]P[err]        2. A method
according to claim 1, wherein 60  the substrate is maintained at a
temperature  upon a substrate, in which in the said steps     lower than
the supply material in the first part  (d) and (e) halides of arsenic and
phosphorus     of the reaction vessel.                       are entrained
in separate streams of a gaseous 125        3. A method of producing the
mixed com-  carrier, and each of the separate halide-con-     position
compound  semiconductor material  taining carrier streams are introduced .
into 



10                                          1,097,551      the mixed
composition material is deposited  GaAs[err]P[err] on a substrate
comprising      65     on a substrate.                                 (a)
placing a supply of Ga in a first part       Doping impurities may be
included in the        of a reaction vessel, and a substrate in a
product material as grown to produce either       second part of the
vessel, 5  N- or P-type material. For example, the addi-    (b) maintaining
the  Ga supply at 850[err]C to     tion of H2S to the carrier gas results
in a       1050[err]C,                               70     sulfur-doped
semiconductor product. H[err]S may    (c) entraining halides of arsenic and
phos-     be admitted in controlled quantities to the       phorus in a
gaseous carrier,     mixing tube in the arrangement of Figure 1 to   (d)
introducing the carrier and the halides 10  produce N-type mixed
composition compound           into the first part of the reaction vessel,
semiconductor material. Impurities such as        and
75     zinc and cadmium  may be included to the    (e) maintaining a
decreasing temperature     Group III feed material, or may be included
gradient along the length of the reaction     in suitable form  in the
Group V halide to        vessel, the temperature decreasing in the 15
produce P-type material.                            direction of gas flow
and in the direction        WHAT WE CLAIM IS: -
leading from the first part to the second  80        1. A method of
producing a mixed com-            part, of the vessel thereby causing the
position Group III-V  compound semicon-             mixed  composition
compound  semi-     ductor upon a substrate from the elements in
conductor material GaAs[err]P[err] to be     Group III-V  according to the
Table by           deposited on the substrate.     Mendeleef wherein the
mixed composition         4. A modification of the method according  85
semiconductor  material  has  the  general  to claim 3, wherein the
compound semicon-     formula                                       ductor
material produced on the substrate is
Al[err]Ga[err]In[err]P[err]As[err]Sb[err]               InAs[err]Sb[err],
wherein the material placed in
the first part of the reaction vessel is indium, 25  wherein each of a, b,
c, d, e, and f range  and wherein halides of antimony and arsenic  90
from  zero  to  one and  a+b+c=1 and  are entrained in the gaseous carrier
thereby     d+e+f=1, comprising the steps of              causing the
predetermined InAs[err]Sb[err] com-        (a) placing a supply of at least
one of the  pound to be deposited on the substrate.           highly pure
Group III elements Al, Ga,    5. A method of producing the mixed com- 30
or In in a first part of a reaction vessel,  position  compound
semiconductor material  95        (b) providing a substrate in a second
part  Ga[err]In[err]As on a substrate, comprising:           of the
reaction vessel spaced apart from  (a) placing a supply of indium in a
first           the first part of the reaction vessel,        part of a
reaction vessel and a supply 



(c) injecting a stream including at least one   of gallium  in a second
part of the 35        halide of the Group V elements P, As,
reaction vessel,                        100           or Sb into the first
part of the vessel, the  (b) providing a substrate in a third part
said stream including halides of at least    of the vessel,           two
of the said Group V elements when    (c) maintaining the gallium and the
indium           only one of the said Group III elements       at 850[err]C
to 1050[err]C, 40        is placed in the first part of the vessel,   (d)
entraining a halide of arsenic in a 105           and at least two of the
said Group III        gaseous carrier,           elements being placed in
the first part    (e) introducing the carrier and the halide           of
the vessel when only one halide of       into the first and second parts of
the           the said Group V elements is included in    reaction vessel,
and 45        the said stream,                           (f) maintaining a
decreasing temperature  100        (d) heating the said supply in the first
part   gradient along the length of the vessel,           of the reaction
vessel to a temperature     the temperature decreasing in the direc-
sufficient to cause a reaction between the   tion of gas flow and in the
direction           said supply and the constituents of the     leading
from the first and second parts 50        injected stream,
of the third part of the vessel, thereby  115        (e) transporting the
reactant products from     causing the compound  semiconductor
the first part to the second part of the     material Ga[err]In[err]As to
be deposited           vessel, and                                   on the
substrate.        (f) maintaining the substrate at a tempera-   6. A
modification of the method according 55        ture sufficient to cause a
deposit of a  to claim 5 for producing the mixed composition  120
predetermined mixed composition com-  compound semiconductor material
pound of the said Group III and V           elements to be formed on the
substrate.              Ga[err]In[err]AsP[err]        2. A method according
to claim 1, wherein 60  the substrate is maintained at a temperature  upon
a substrate, in which in the said steps      lower than the supply material
in the first part  (d) and (e) halides of arsenic and phosphorus      of
the reaction vessel.                       are entrained in separate
streams of a gaseous 125        3. A method of producing the mixed com-
carrier, and each of the separate halide-con-      position  compound
semiconductor material  taining carrier streams are introduced  into
1,097,551                                            11     respective ones
of the first and second parts of  controlled amounts of the halides of
Group V     the vessel, and in which the said step (f) causes  elements are
varied by varying the flow rate     a mixed composition compound
of the carrier gas through the containers.
12. The process of claim  10, wherein the  40
Ga[err]ln[err]As[err]P[err]           controlled amounts of the halides of
Group V                                                    elements are
varied by varying the tempera- 



5  to deposit on the substrate.                   tures of the separate
supplies of halides.       7. A modification of the method according   13.
A method according to claim 8, wherein     to claim 5 for producing the
mixed composi-  a plurality of supplies of at least one of the  45     tion
compound semiconductor material        Group III elements Al, Ga and In are
placed                                                    in selected parts
of the reaction vessel.                  Al[err]Ga[err]P[err]Sb[err]
14. A method according to claim 3, in which
the ratio of arsenic to phosphorus in the 10  upon a substrate, in which in
step (a) a supply  halides entrained in the gaseous carrier intro-  50
of aluminium is placed in the first part of a  duced into the first part of
the reaction vessel     reaction vessel and a supply of gallium   is
changed during the formation of the deposit     in  a  second  part  of
said  reaction  on the substrate, thereby causing a graded     vessel, in
which in step (d) halides of phos-  mixed  composition  of GaAs[err]P[err]
to  be 15  phorus and antimony are entrained in separate  deposited on the
substrate, the value of x  55     streams of a gaseous carrier, and in
which  varying in the direction of the thickness of     the step (f) causes
the compound semiconductor  the deposit.     material
Al[err]Ga[err]P[err]Sb[err] to be deposited    15. A method according to
claim 1, in which     on the substrate.                             the
substrate is a monocrystalline semiconduc- 20    8. A method according to
claim 1 for pro-  tor of a first conductivity-type, and including  60
ducing a graded mixed composition com-  the additional step of introducing
conductivity-     pound  semiconductor, in which controlled  affecting
impurities of a second conductivity-     amounts of the halides of the
Group V   type into the reaction vessel, whereby there is     elements P,
As and Sb are fed individually into  produced  a  monocrystalline
semiconductor 25  the stream and are varied to cause a graded  body
comprising the substrate of the first con-  65     mixed composition to be
deposited on the sub-  ductivity-type and an epitaxial deposit of the
strate, which composition varies in the direc-  second conductivity-type
thereon.     tion of thickness of the deposit                 16. A
substrate having a mixed composition       9. The process of claim  8,
wherein the  Group  III-V   compound  semiconductor 30  halides are
chlorides selected from the group  deposited thereon by a method as defined
by  70     consisting of AsCl[err], PCl[err], SbCl[err], and SbCl[err].
any one of claims 1-15.        10. The process of claim 8, wherein the
halides are entrained in a carrier gas by                  ABEL & IMRAY,
passing the gas through containers of the               Chartered Patent
Agents, 35  halides.                                              Quality
House, Quality Court,        11. The process of claim 10, wherein the
Chancery Lane, London, W.C.2.             Leamington Spa: Printed for Her
Majesty's Stationery Office, by the Courier Press.            -1968.
Published by The Patent Office, 25 Southampton Buildings, London, W.C.2,
from which copies may be obtained.    


