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fa· W8 ~ple, susceptor bloclc 13 consists 
of a'high conductivity germanium. The volume 
of .apparatus 10 js approximately two litres. 

Feeding into inlet tube 15 are three gas 
sources: a cylinder 17 of HCI gas; a palla-

-dium diffused 'hydrogen -aaurce 19; and .a ' 
cylinder 21 of germane .. The flow from .the 
three gas sources 17, -19 and 21 is controlled 
by valves 18, 20 and 22 respectively. Advanta-

10 geously, flow meters (not shown) may be .uti­
lized to monitor the rate of flow of e~ gas. 

Outlet tube 16 is connected to tubes 23 and 
24. Tube 23 carries a pressure gauge 25 and 
includes a valve 26 connected -by a cold trap 

15 30 to a mechanical vacuum pump. Tube 24 
includes a v.al~e 27, ,which ca,n selectively con­
nect tube 24 to either a hydrogen burner 28, 
or through a cold trap 29 to a hydrogen chlor-
ide foi:e .pump. 

20 Some Exa1J1ptes :of. the ,lllethad according to 
·this invention will now be described : . 

·,gen frpm hydrogen source 19. Val~e 22 is now -:~':.~ .. '.-~.: .. 
· opened and the germane in cyllt1:der :21 mixes ~ 
with the hydrogen from source 19 ·aijclpa.sses · "-~;;:;· 
through the reaction vessel 11. l(be ·flow -rates 
of the palladium diffused hydrogen . fr()ni 
source 19 and the germane from cylinder -21 
are adjusted so that ·the _ mixture . _flowing 
through the reaction vessel U CQ11$istS of ap:.. 
proximately 0.01 to 1.5 volume p~cent .ger-

,. -

7~ 

mane, .9a~ce hydrogen, and has a.total flow 
rate of approximately ten litres per minute. 75 

In thiS Example, the ·rates of ·fl.Ow:.· are ad~ .·· '· · · 
justed so that the mixture in the reaction vessel.·· 
11 .consists 9f approximately 0.03 volume per­
cent germane, balance hydrogen. The germane 
-is. thermally. decomposed in the -r~ction vessel 80 
11, and deposits on the exposed surface of 
wafer 31 as an epitaxial layer. The rate of 
.deposition ,of- the epitaxial -layer dependS' on 
the Olncentration of germane· in the reaction 
.v.essel .11. Accordingly~ by ,controlling•_ this 85 
parameter, -the epitaxial layer can ·be niade :as 

EXAMPLE I -thklk;: as . desired by appropriately varying ,the 
. A wafer 31 (FIGURE 3a) of nionocryst~- ·tinie -during ;which the wafer is heated in the. 
line semiconductive material is prepared with :germane-hydrogen. -mixture. In' this example, 
two opposing major faces 33 and 35. The the wafer is heated for one hour in the flo\ving 90 
major wafer faces 33 and 35 are preferably germane-hydrogen ambient. During :this step, 
normal to the ·(III) crystal axis of the wafer. the wafer is maintained at approximately 
The exact size, shape and resistivity of waler 700°C For :higher germane concentrati0ns, 
-31 is not critical In this Example, wafer 31 higher tei:;nperatures up to 938°C are. utilized 

30 is approximately 50 mils square, 5 mils thiclc, when :the substrate is _germanium. 95 
and consists .()f N-type germanium heavily Valve 22 is closed, and the reaction vessel 
doped so as to· exhibit an _electrical resistivity 1l is flushed w.ith hydrogen; The: electrical 
--Elf-approximately 0;001 ohm-cm. power. supply to RF coil 12 is interrupted, and 

The germanium wafer 31 is po~ition~d on the wafer 31 is permitted to coolto room tem-
35 susceptor bloclc 13 in apparatus 10 while all perature before removal from the -apparatus 

the valves are closed. Valve 26 is then opened, 10. 
and reaction vessel 11 evacuated. tprough cold As a result .of this process, wafer 31 now 
trap 30 br- means <>! the mechan~cal vacuum . ·has an epitaxial germanium layer 32 on the 
pump until the ambient pressure m -vessel 11 exposed surface of wafer·_.31. Any epitaxial 

40 is reduced below 0.1 microns Hg. Valve 20 layer on the ends·of wafet-31 can be removed 
is then oeened and the reac?on v~ssel 11 is for eX:ample, by grinding. The epitaxfal tayC: 
flushed with. pure dry palladium diffused by- 32 thus formed is approximately 1/4 mil thick 
drogen .• The flow -o! hydrogen. is monitored at and _ ~a:s · an electrical resistivity. of approxi­
approXlltllltely ten· litres per mmute and passes •mately 1 ohm-cm. The conductivity type of 

45 hr way of autlet tube 16 -and valve 27 to the epitaxial. layer 32 depends_ on th_e. impurities 
hydro~n b~er. 28. _ . present ~ the -g~ane, and is generally N-

_While .contmwng the flow of hydrog~, elec- type. Owmg _to epitaxy, the .germanium layer 
n:1cal power is supplied to_ the RF coil 1~ so 32 !s also m~nocrystallin~; in fact, the crystal 
.as .t9 heat susceptor bloclc 13. and g~an1um . l~tt1ce of 32 µ; an extension of the crystal Ia,t-

50 ·wafer 31 to a temperature of approximately t1ce of wafer 3 L -
900°C. Valve .18 ·is .then opened, and a mix- Re.{erring now to FIGURE 3c, a P-type 

. ture of. approxlDlately eleven volumes HCI .gas · conductivity modifier or acceptor may be 
and .two volumes. hydrc;igen · are -permitted ·to ~ijfused irito a limited portion 34 · of epitaxial 
flow. through the i:~act1on -ve~sel 11 . .fo~ ~p- layer_ 32 by standard techiliq~es which are 

" proximately ten mmptes . while mamta:mJng known to the semiconductor art and need not 
:waf~ ~31 :at ~ temJ:?Crature between 800°C and be descri~ed h~re. :Tlie portion 34 pf epitaxial 
938. C. DQfmg this step, the Surface af wafer layer 32 is thus converted to P-type conductiv-
31 .1s cleaned and made smo?th by the etching itv, and a rectifying barrier or p-n junction 

10() 

110 -

115 

120 

~ct1on .of . the HCI-:-~2 mixture.- Other ·et- 37 ·is formed at the interface ·between the P-
60 ·chants may.also be utilized to clean the surf~e t_VPe :po~oii or te~on.34 alld the N-tyi)e blllk 125 

. of wafer 31, -preferably those etchants which of e~1taxial layer_ 32. An N-type conductivity -.·_ 
lea:v.e a smpot!1 clean surface on th~ .wafer; -m~di!er or donor may then be diffused intc 
. Valve 18 is c~osed, an~ rea~1on. vessel 11 a limited portion or region 36 of epitaxial-layer 
is then flushed with palladium d1ffusi:d hydro- 32. Region 36, which is completely internal 

..... 
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• • ·• , . i . . · · .·· ·. .· ., · .. ~;~~~3Y' 1 . . . URE · 411 with a me8a: 4:S 65 
1·of'P lWe region 34 IS thereb-y conVertCd to ;wafer :41 .,JF:lG. . . ..·' · .t·. ·" · .. .-.. · 4zi of 
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• · , . "? .conneciio.ri. :to the : collector region . 32. 'l;h~:'..re- ·.oth~ $a11 ger:rµani~ :pr:ov1<le<i. ~t h e · ~ '.~ajnmg St:eps· .o£·.att:aChin~ electi"ic~Jl~d;.w.~~ ·: .... ~#line .sth1.ctu~ i<>f ·the·,~~bstr~te; Js .• t. e:·:;: 15 to the wafer~ then mo~tmg ·and e11ca,~hinµg ·Jl.s tltllt'.·.of: ·gertnaI11W:ll'· an4 .. pr~Yl:ue~ t)la, · ... · · itlJ.C.Q.evic.e,· are ·acc:omplished by. stant;1ar4 ~e¢b'.' · · Jattj<;e ;con~~ c:ifthe •s:µbsJ;rate i~ ·PlQ~ ·tO \~~e 80 
mques kriown to .the ·semjcoriduct()r ait/ · • : ,. : · ,of ~nµµt;1.,.: e;g .• ~A,s. "fS~ic;bom:ll}c_tPr · ··~ 
· · · · ··· · ·· · ·. · · · ··· ·· · · .. :.•: :;;·,;: .vices.which·:·include:.3.•rectt y1µg,· a-mer.,or·p,. · EXAM ·II · · ·il junction between two_··~is$nitar. s~~li-: ->Iri·~~;mple 3 •~• .e~~;~al lay~ dePoSit~ ductive ~t~ials !ll.'.~ ~oWJ.lAts het~oiunction ·~5 •. ~ s=::::~::R i~! •t.~.a_I~llnmie•~.:a··.ir~~.~.~.•·.•.·.·:p.i .... E.

00 
.•. i.".

1

.a.;44.;.; .. ~.t .• t.;.•P. .... ~ .. ·:.~.•.- ·· .. · ...... :·. T~S::!e~~~~~~~~;~~~e=~~~:- " i· \P 3 , '2S ductive wafer 41 (FI~URE 4a) IS Prep~ed :;i1~r~~~~r.~.:r~·:;~~:~~?'f~~~~~~~ 90 
·· •; · with at least-one major··filce 43 .. The· aact ·ductive Wafer,cons1sts::of .N-s~ri,,dp.~VJ.ty .. ~~ ···: ! .. z1;t~1d~.J .. In?, _e an.·thi·.·. ·d.·s :~.,am ... d···u····.Pciitle.·;:w,· .·.ty·"·:" ·.·.-~erf .. ~.:.4·a1ferc!~:: .... :i '· hi · arsem& The cfysta1 Stiuctttre and lat-P~~uctlvity ~e ger;~~ium~ and•:•:ma1or ~~~~j~7)i~~i:~;:·;~~~f~f~t4~~ •.:. /jo' .face' 43 is ·substilntially normiil ,~o'.:th~ (H~) those of germamum, so ~~-It JI!, p9~s~l~ to 95 
·. ·:: .q,..y8~ uis: .ef the• •VV.afer.·: Wllfer· 41 ~s ::posI- grow an eoitaxial: ~anitlll1)ayer 'ori.·a ;gal-. , tioned.-on susceptot ·bI~ck 13 of ~e ~ppar~~s 1iurri a·l"Senide' wafer: :w~Ief' 4f''iS' ppS:it:i~~d 

'.~ ~~~~~ ~inm ;00 

. . source 21 includes a smalLamouilt, of the order ,the -gallium: arsenI~e · wi1J~. :ln .. !I~i, -~~~µ~ . of lOO'to 1()00 part:s:per·ID'illiori.;:of a gaseous is not necessarvdi~d·If·has"~.::f.ound .~hat · 40 conductivify type. m~<:l,ifier~ · Sui~ble materials heating'the' ·gallim#' arseriid_e:'_wafe~ jrl .h:rdnl~ 105 

. . for this .PUl'.POse are the J1ydrides •of donors, '.for abbroximately:; lO riiin"iites ·at ap'orox:iriiat~ .such as· phosphine PH;~· or "lil'.s~ AsHa· ... Iv 7009C -just orior to t}ie depositio~ step is During the decomposition of the .. ~e }O . ~nerally sufficien( tQ .. cl~a1f1:he:)tiqstrate. In form germ.arii~, some o~ ~e donor ~~yclJ:1de. · this Exat\;jpl~. ~~'.~~11itan((s~~ ·21 includes 
·45 present, (phosphme or arsine, or the. lik'¢) .lillso · a fe'W' ·hundred parts per million of borane 110 decomposes, thereby · incorporating donor B

2H 6, and the e{>itaxial germanium layer 42 atoms uniformly throughout tbe epitaxial layer thus deposited is therefore uniformly doped 42. The epitaxial layer 42 is therefore N-con- with boron atoms. and ·hence is of P-conductiv­ductivity type, and has· a uniforin . concentra- ity type. A rectifying barrier is formed at or ;So tion of donor atoms throughout. A rectifying near to the interface between the N-type gal- 115 barrier or p-n junction is thus fw;med at the liUin arsenide wafer 41. and the P-type ger-: interface 42 betw~n t,he P-type wafer 41 and manium epitaxial !aver 42. The structure thus the N-type epitaxial layer 42. formed may be used as a heterojunction semi-A portion of the epitaxial ~yer 42 is masked conductor device. for eiample, a mesa diode, 5~ with an acid resist sueh · as par!!ffin wax or by methods similar to those described above 120 
apiezon wax, and· the Vliifer is then immersed in connection with Example II. in . a suitable ·etchant, ·s.uch . as a tnixture of Some of the advanta_gCs of the methods de­hydrofluoric acid and .. :µii:ric acid) for a period scribed above are that the epitaxial germanium of time sufficientto remove the um,nasked por- layers deposited thereby have planar mirror 60 tion of. epitaxial layer 42~ The wafer is then smooth surfaces and a high degree of structural 125 removed frorii the 'etcl.iant and wa~hed in dis- perfection. These chlit.racteristics give semicon­tilled water. The acid resist . is removed by ductor devices a high ~gree of uniformity and means ~of a suitable solvent, such. as carbon reproducibility in thtjr' electrical parameters. tetrachloride or the like, · 1eaving . the etched It is thought that ~ advantages are ob-
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tained · be.ciiu5e the -~ubsttate -wder _ has been 
prep~~d-'110 as __ to •itt<>jidea _gtentlcally and 

in.Ccha11ically :clean, smooth Sudaee on which 
~c: lpitmai layer is_: p~Of,inecl in the same 

the' surfaee thCre0f has a hlgh degfee of" • ... ,:.... -

~- apparatils "in_ which the Slll:>Strate wa~er has ju11t 

beeri etch¢4; withCiutti'a,J?.~eirlng tbe'wafer, or 
ex:posmg ·it t0 other ambients; and thus. avoid­

ing any. injmy to or ch,an:ge in or contamination 

of _ i:he wafer slirf!l(:e : prior· to • the· -deposition 
110 of the epita:Xi!ll layer._Fttrtheftnore, a amduc'­

~vity modifier i:I_iay b~ introd~d into the epi­

taxial layer in a µiliform _fashion. This is· ad- -

varitagC9us ·when -it- is' desired to ·avoid the con­

cc#ration -~dieiit -produced by ·conventional 

15 techniques for intr~ticing_ ·a coI'l.ductivitY 

m,odifier _into ; an . q)itaxijl layer by diffusion. 
·Moreover, -a· very ·abnipt -junction may \le 

formed·· bet:Weeil the llUbstrate wafer and the 
depoSit¢ epitaxial layer. -

20 .. -The : ab<>ve embodiineiJ.ts of the invention 

have been descnoed by way of example only, 

and not limitation ... If 4~~ the conductivity 

t~ of the "arious. wafer regions described 

111ay ~. ,re~tsed, utilizing. appropriate·acceptors 

smoothne8s: by. flowing H;CI. ·gas: m.ixed with ~· , 

H2 over said surface while heating. ·sai& waf~ 4 _-_·' > ·• 

at' a temperature of between.- .soo~c an.4 
938°C · - · --,- · · - :. · · · -·· 

3. A° method as claimed. :iit Claim 2, whereiri 

said riiixti.Jie of 'HCI ga~ and H2 consists of 

l1 voltmies H2 and 2 volUm.esHCI. - 50 

4. ·A hiethod as cl8imed :ij:i-any one of 

ClaiJns 1 to 3, wherein the iiiiXtUre of german~ 

and hydrogen c~stS of- hydrogen a.tl.d be­
tweeri Q:oi_: and- LS ·voltime pei'Ce.tit-germane. · -

,~:- ~ ~od as claimed in· any one of .. tlle 55 

p~dijjg _cJ,ainis, wherein the mixture of ger­
~e·_-md -hydrogen inclu~s between 100 and 
1000 ·:part$ :per · milliqµ ·Of ·a .substance selected 

from the group' consiSting of phosphine and 
arsine. 60 

6. Ametbod a8 claimed :hi Claim 1, wherein 

~d--setDiconduct~1· wafer is a· gallium ·arsenide 

·wafer, and includ_ing ·the~ steps of:_· -cleaning· the 

~ace -·of the:' wafer - in -hydrogen for ')0 

minutes at 700°C; and whetciil the mixture 65 

of g_ermane:,anct ·hydrogen consists of hydrogen 

and between 0:01 and 1.5 volume percent ger-
mane ... ,·.-.· - -:--- . , . -- _- ----. 

.. ···~· 

25 and donors. Other- CQmpati,1>1e crystalline semi­

~onductors :stich as sil~¢ori. and silicon-german­

}~ alloys rnaY be·: util~zed. as substrateS --in­
stelld oLgaJ.J.ium, a:ri;enide~- These :mat~s 

-~Y .9e ~Ched-pri~ :fo:the.epita,xial dqiosition 

-- · 7;:~~iriethod .as claimed in Claim 6, wher~jn 

~the_~ ~f germane.and hydrogen contajm 70 
between a: few -1()() and 1000 partll per milli<>n . -~:. 

30 ~~- m tpe same. µiann_er -as gernianium,' but 

Lttlizing hl,gher temperattires, up to l 100°C. 

. WHATWECLAIMIS:- · 
• l. ·._A JJ1ethod of inanufacturillg a semic0n .. 

ductor device comprising the -steps of: ~ting 

35 .a semiconductor wafer in a· reaction vesllel in 

the .presence of _hydrO~;- and passing a mix­

.-~e, Qf gerJilalle ~d,- hydr0g~ over the·. heated 

surface- of th~ ~er so aS to decompose said 

germane ·and deposit. on said wafer surface as 
40 an epita:Xial g~um layer. - -

. 2. A method as· .claiined in Clalln l and ' 

inclti~g the 'step of: etching said wafer until 

of borane. - .·. -_ -- - , . - . 

'8 •. -A method· of manufacturing a semicon- .. · 

duci:or-deVice substantially as heteinbef0re- de;_ 

scribed in anyone of the three examples. - - ' 75 

9. A .Semiconductor device when made by 

!he ~od_ claimed in any on~ of the p~~d-
ing clauns. ·:,-·- · ·· · · 

A.,M.ac.WM:. CLA~, -lj. 
. . . Ch:artere(:l Patent· Agents, · 
- ·_ -:s; Stotie Buildings,. · 
LiilcPhl'~ Inn,_,London, W.C.2. 

'~on Spa: Printed for ~er Majesty's st.a~~~e&: Office, by the Courier Pless : 

(Leammgton) Ltd.~1967. Publ~ by~ :p,at~_Qffiee; 25 Southampton Buildings, .. 

London, w.c.~ from which copies may be obtained. -
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tained because the substrate wafer has been 
prepared so as to provide a chemically and 

I mecllanically clean, smooth surface on which 
e the lpitaxial layer is performed in the same 
. S apparatus in which the substrate wafer has_ jU:st 

the surface thereo~ has a hlgh ·~es?ee . of.. tr~ 
smoothness.~¥ ~owmg ~CI ~s nu~ed with 't:.? , 
H 2 over said stifface while heattng said wafer 45 
at a temperature of between .. 800°C an4 
938°C. . · · 

lA/ 

been etched, without transferring the wafer; 0r 
exposing it to other ambients, and thus avoid­
ing any injury to or change in or contamination 
of the wafer surface prior to the· deposition 

'10 of the epitaxial layer. Furthermore, a: conduc­
tivity modifier may be introduced into the epi­
taxial layer in a uniform fashion. This is ad­
vantageous when it is desired to avoid the con­
centration gradient produced by conventional 

15 techniques for introducing a conductivity 
modifier into an epitaxial layer by diffusion. 
Moreover, a very abrupt junction may be 
formed between the substrate wafer and ·the 
deposited epitaxial layer. 

20 The above embodiments of the invention 
have been described by way of example only, 
and not limitation. If desired, the conductivity 
type of the various wafer regions deScribed 
may be reversed, utilizing appropriate·acceptors 

25 and donors. Other compatible crystalline semi­
~onductors such as silicon and silicon-german­
mm alloys may be utilized as substrates in­
stead of gallium arsenide. These mat~als 

30 

35 

40 

may ~e etched prior to the epitaxial dei)osition 
step m the same manner as germanium, but 

Ltilizing higher temperatures, up to ll00°C. 
WHAT WE CLAIM IS:-
1. A method of manufacturing a semicon­

ductor device comprising the steps of: heating 
a semiconductor wafer in a ·reaction vessel in 
the presence of bYdrogen; and passing a miX­
ture of germane and hydrogen over the heated 
surface of the wafer so as to decompose said 
germane and deposit on said wafer surface as 
an epitaxia:I germanium layer. 

2. A method as claimed in Claim 1 and 
including the step of: etching said wafer untU 

3. A method as claimed in Claim 2, wherem 
said mixture of HCI gas and H2 consists of 
11 volumes H2 and 2 volumes HCI. ·: 50 

4. A method as claimed in any one ·of 
Claims 1 to 3, wherein the mixture of germane 
and hydrogen consists of hydrogen aqd . be­
tween 0.01 and 1.5 volume percent germane. 

5. A method as claimed in any one of the 55 
preceding claims, wherein the mixture of ger:. 
mane and hydrogen includes between 100 and 
1000 parts per million of a substance selected 
from the group consisting of phosphine and 
arsine. 60 

6. A method as claimed in Claim 1, wherein 
said semiconductor wafer is a gallium arsenide .. 
wafer, and including the steps of: cleaning the". 1J'. 
surface of the wafer in hydrogen for 10 
minutes at 700°C; and wherein the mixnire 65 
of germane and hydrogen consists of hydrogen 
and between 0.01and1.5 volume percent g~-
mane. · ·" 

7. J} method as claimed in Claim 6, wherein 
the ~e of germane and hydrogen contains 70 
between a few 100 and 1000 parts per million 
of borane. 

8. A method of manufacturing a semicon­
ductor device substantially a.s hereinbefore de-
scribed in any one of the three examples. ·· 75 

·9. A semiconductor device when made _by 
the method claimed in any one of the preced-
ing claims. ~ ; · '·· · 

A. M. & WM. CLARK, IJ.. 
Chartered Patent Agents, 

5, Stone Buildings, 
Lincoln's Inn, London, W.C.2 . 
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