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ABSTRACT

An apparatus s described for the vapor-solid diffusion of dohors and
seeeplers inte silicon at aimospheric pressure, 11 consists essentislly of a
fused silico tube extending through one or more controlled emperature zones,
A pas such as nitrogen carries the vapors from the heated impurity clement
o one of ity compounds post the heated silicon,

At temperatures above about 1000°C, gases such as helium or nitrogen are
shown to couse serlous pitting or ecregion of (e silleon surfaces. A thin vilreous
gilicon dioxide envelope encloging the silicon during the high temperature
healing operation is shown Lo provide complete protection of the underlying
surface apaingt domuage, Methods of oblaining surfoce passivation are described,

In additton to surfece protection, a silicon dioxide surface layer also js
shown o provide o seleclive maosk agoinst the difusion into silicon of semae
donors and acceptors at elevaled temperatures, Data are presented showing
the mnsking efTeetiveness of the ailicon dioxide loyer ogoinst the dilfusion of

several donors and asceeptors into silicon,

The apphication of the masking techrigue to produce precise sueface putlerns
of buth - and pelype is deseribed. An example of s fessibility in deviee
considerations is illustrated by the construction of 8 transistor by double diffu-
sion, This transistor 3% unique in thot both the emitter and bose contocts are
mude gt the surfave in adjacent arcas.

Finully o new predeposition techoigue s deseeibed for cantrolling the ime
purity levels in diffused layers over wide ranges. Data are presented to

lugtrate this technigue.

The wvapaor-solid dillusion technigue has become
wl considerable fnlerest recently lor the Introdue-
tion of selected conductivity type determining ime-
purities inle semiconductors. The dpplieation of
this fechrlgue in the desipn of 8§ semiconductor
devices s illusteated by the solar battery (1), powes
roctiters (2), and high frequency tronsistors (3).
The feasibility of producing  such structures by
vapor-solid diffusion resulled largely from the in-
veslipalions ol Fuller and his co-workers (4, §).
Their investigpations provided the negessary infor-
mation on the high temperatyre diffuslon para-
meters regulred for controlling the fmpurity con-
centrations and depths of the diffused layers.

This puper deseribes: (a) a new apparatus Tor
vipor-solid difTusion at almospheric peessure, (O
somme experiments illustrating surface protection of
S1al high temperatures by oxodabion, and () some
expenments lustrating selective mosking by 510,
surface layers spoinst the diffusion of sume impuri-
Ligs into S ol high temporalures, Methods fopr de-
termining the electrical characteristics, surface con-
cenlratlons, and diffusion depths are essentially the
same as those described elsewhere (8) and are only
identified in this paper.

Apparatus and Procedure
The apparatus for vapor=solid diffusion at atmos-
pherie pressure iy shown schematieally in Fig. 10 T
vonsists essentially of a fused silica tube extending
through two controlled temperature zones, hoe flest
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temperature zone serves to regulate the wvolatility
of an impurity placed theeein, The second tempera-
ture cone is the lecation of the Si smnples, A rising
lemperature gradienl between the tfwo zones aveids
thi redepositlon of the impurity vaper hefore reasch-
ing the 51 samples. The lemperatures are regulated
o =2°C by means of Pt-P1 109 Rh thermocouples
and automalic controllers,

The vapor from an impurity heated in the fArst
temperature zone is carvied pust the 51 heated in
the seeond zone by carrier gases such as H., N, O,
and COL or mixtures thereol with or withoul Lhe
neddition of waoaler wvapor., Flowmeters attached to
one end of the furnace tube regulate the flow of the
carrier pases. In this investigation Now rates of
1500 podmin of the carvier gas were employed in
furnace tubes of 2.5 em 10 A temperature-conteolled
wuler  Dbubbler s insorled  belween the flow -
meters and the furnace lube when witer vapor is
betng added to the carvier gas, Carrier goses were
not saturated with waler vapor under theso llew
conditions, but particular experimental conditions
were found Lo be reproducible. The exit or open end
of the furnace tube is inserted into o hood. This
effectively removez the carrier gases which now
probabply eontaln residunl amounts of 3rd and Sth
column cletnents or their compounds. These in many
cases are harmiul poisons.

The Si somples are hold vertically in o slotted
fused silica plate as shown in Fig. 1, This assures o
uniform contocl of the carvier gos with both S sur-
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Fig. 1. Apparatus for vepor-solid diffusion of otmospheric
PrEssure,
faces. A small silica lube fused to the sample holder
is used Lo insert and remove the 51 from the furnace,
A Pt-Ft 10% Bh thermocouple inserted in the pusher
tube is employed to measure the work temperature
throughout Lhe eun,

Befors the 51 samples are inserled for diffusion or
oxidation, the fow of carrier pas is started and al-
[owed o continue fur several minutes lo establish
a steady-state condition. The samples then are n-
Lrogdueed @t o reproducible rate into the desired tem-
perature zone. At the end of the heating operation
the samples generally are withdrawn at the inser-
tion rote. In these experiments the samples woere in-
serted and withdrawn in aboul 1 min,

Samples

The Si samples were cut from approximately 5
ohm cm n=-type (arsenic doped) or p=iype {boron
doped) single crystal ingots grown in the [111]
divection, The inpgots were sawed perpendicular to
the growih direction into slices approximately [0 cm
thick. These were machine lapped on bolh surfaces
with No, 1800 emery powder to o thickness of about
Tx 107 em. After cutling into squares of 0.75 x 0.75
o, the samples were etehed for 4-5 min in o mix-
ture of & parts of concentrated HNO, Lo 1 part of con-
centrated HF to produce o mirror finish, This
posulted in fnal sample thicknesses of about § x 107
em, Reproducible surfaces of excellenl appearance
were oblained by maintaining the etchant tempera-
ture at about 20°C and emploving mechanical agito-
tion during etching.

Surface Protection
When Siis heated in the previously deseribed dif-
fusion upparatus above about 1000°C for relatively
short Limes in commercial grades of nonoxidizing
puges sueh o Hy or He, derious erogion or pitting of
the surface oveurs. A significant loss in weight also
takes place. On the other hand, Sisurfaces are es-
sentinlly unchanged after long heating periods well
above LOMO"C in oxidizing gases such as O, and OO,
or nonoxidizing pusces containing suffielent concen-

trations of oxypen or water vopor,
The surfaee appearancee of 51 samples after heat-
ing in H,, He, Ny, or O, goaes i lustrated in Pig 2.
The surfaces were washed in coneentrated HF after
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Fig., 2. Surface appearance of 5i ofter heating for | hr ot
1350°C in different carrier gases.

the heating operation to remove any surfagce loyers
such as 510, which forms in the pure oxygen atmos-
phere, Note the damage on the 5 surfaces after heat-
ing in H, and He. On the other hand after heating in
vxygen the excellent surfaee nppearsnee s casen-
tinlly the same ag that of the original etched sur-
face, The erystalline surface appearance after hoat-
ing in Ny may be due to the formation of o SiLN,.

The effect of varying the waler vapor content in
a hydrogen carrier gas during heating en the sur-
face appearance is illustratied in Fig, 3. The temper-
alures under the photographs represent the tem-
peratuees of the waler bubbler, Note the deervase in
the size of the surface pits as the water vapor con-
tent of the carrier gas is lnereased, Actually in this
series of heating experiments ot 1350°C, water
bubbler temperatures belween J30Y-80°C resulicd
in excellent surfaces. However, a further inerease
in the water content of the carrier gas rosulted inoa
large number of very small surface pits, The reap-
pearanee of surface pits might be explained by the
failure to form a completely coherent oxide layer in
the prosence of high waoter vapor contents ot this
température, Silicon dioxide is known {o be quite
goduble in waler at high temperatures.

Other examples of surlnee protection by oxida-
tion might be given, For example, 5i con be heated

Fig. 3. Surfoce appearance of 3 after heating for 1 ke ot
FASO'C In hydragen containing differsnt concantrations of
water yapor.
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in 0, or in variows mixtares of M. and Oy inelueding
alr withoul apparent surface damage. The latier
suggests many process simplifications for producing
diffused juneton loyers, However, the oxidizing po-
tential of the carrier gas must be sufficient so that
the thermodynamic equilibrivm favers Lhe forma-
tivn of 510, ot cach processing condition. On the
other hand optimum surface appearance does not
necessarily resull from moximum oxldizing condi-
tinns. Generally it is preferable to establish optimum
conditions experimentally for each pro¢essing con-
dition.

Surface protection of 5i in oxidizging @tmospheres
15 due 1o the formation of o continuous proteclive
envelope of nonvolatile 5i0), This prevents nol only
the eyvaporation of the underlying S5i bui also is
complete oxidation. The oxide lavor is easily re-
moved by washing in HE, In this work the 510, lay-
ers generally varied in thickness between sbout
1500 10 3UMA depending on the temperature, time
and carrier gas composition, The layers exhibit
bBrillinnt inteplerence colors, The constunl thickness
of the oxide Jayer on a particular S§i surface is indi-
cated by the uniformity of these interference colors,

Selective Masking

ln nddition to surfece prolection, a Si0, surface
layer provides a selective mask at high temperatures
againgt the diffusion of some donors and acceplors
into Si. Only a few typical examples of seleclive
masking will be given.

Musking is studied most eMeetively by prooxidiz-
ing elched Si slices and removing the oxide layer
from one surface with HE, This provides an oxidized
widd unoxidized surtacve on the same sample Tor elec-
trical, diffusion depch, and other meassurements. In
Plaes exiinples reportod hore the preoxidution wias
done by heating at 1200°C for 1 hr in N, bubbled
through water al 30"C. 'This gives an oxide layer
ahout 25004 thick.

Fig. 4 illustrates the masking of As by a 5i(,
lnyer ot three diffusion tempecatures. The flret figure
s o eross-sectional view of a p-lype 5i slice with
an oxide layer on one surface. The next flgure shows
that arsenic trioxide is heated ot 235°C and the
carrier fas is N, bubbled through water at 30°C for
each processing condition. In the next column
the diffusion times and lemperatures are given for
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SURFACE PROTECTION & SELECTIVE MASKING dH

ench 0f the four processing condillons. The Bith
column shows a eross-sectional view of the pro-
cessed samples after a wash in HF which removes
only the oxide envelope. The cross=hotehing illus-
trates the relative thickness of the n-type conver-
sion layer. The average sheet resistance values (p,)
and ihe diffusion depths (a0} were measured by the
four point probe and the § degree angle lapping-
staining technigque, respoctively, These mensuring
techniques are described in some detail elsewhere
(5). From the g, and {a) values the surface concen-
teations (C,) of the impurities pgiven in the |ast
tolumn were caleulated by assuming an error func-
tion distribution of the impurities through the dif-
fused layers,

MNaote the absence of a conversion layer op Lthe
oxidlaod gurfece after the 1100°C diffusion shown in
Fig, 4. This indicates that the surface concentration
of the As on this surface 15 less than & x 10" o, the
backpround p-type deping in the original crystal,
At Lhe two higher diffusion temperatures o conver-
slon Jayer s formed on the exidized surfoace. How-
ever, the C, values remain relatively constant and
well below those for the unoxidized surfaces. The
effect of the S0, surface lover and the diffusion
temperature on surface concentration and hence
diffusion depth is cleerly evident from the data.

Fig. 5 iNustrates the effect of earrier gas type on
the diffusion of boron. The representations have the
game significonee ns those deseribed previously, Be-
cause of ils very low volalilily, the boron trioxide
gource 18 heated at the same temperature as the Si
Mote the absenee of g conversion loyer on the oxi-
dized surface and the highly doped conversion layver
on the unexidized surface after heating in oxygen, An
appreciable masking effect by the oxide layer wlso is
ovident after healing in the nitrogen-water currier
pus, On the othoer hand no masking by the pre-
oxidized surface is evident after heating in the
hydrogen-water carrier gas. The doping level also
s uppreciably hipher [or the wet hydrogen than
for the unoxidized surfaces in the other two carrier

gases, The reason for this elfect of carrier goay Lype

and composition on the masking by Si0. surface
layers is not known. Howewver, it does sugpgest some
difforonce in the meleculur specie of the diflusnnl
vapor in the various carrier gases which alters its
reaclivity with, dilfusion through, or solubilivy in 8
5i0, layer. A complete study of the effeclt of carrier
gas composition on the masking of a 5i0, surfacs
lover opgainst the diffusion of donors und aceeptors
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Fig. &, Effect of predeposition temperature on masking ond
surlace concgniation

into Siout high wemperatures showld be very uselul
in the design of semiconductor devices. A fow ex-
perimentil reswlts for wel hydrogen and nitregen as
well as oxypren are summarized i Table [

Predepasition of Impurities

When o 510, layer masks against the diffusion
Gl oun bmpurety, the sinultancous oxidotion  and
addition of sueh an impurily may cause a partial
masking efeet on e wnoxodized surface. Fig 6 illus-
tratesd o lechnigue for avoilding oxidation effects
during the addition of the mmpurity. I consists es-
sentiolly ol predepositing the impurity in nonoxi-
dizing pases such as N, He, or H; al low tempera-
tures wnd for very short bmes. Under these pro-
cessing condilions surface grosion is not approciable,
The difusion of the impurity into the Si then may
be carvied oul ol higher temperatures and for longer
times o oxidiving carrier pases
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Fig. 7. Simultonecus production ol single and double dif
fused loyare of controlled struciure by selective maosking.

In Fig, 8 As 0, was predeposited Tor 30 min in dry
nitrogen at 8007, 9007, 1000%, and 1100°C, respec-
tively. The sumples then were diffused for 30 min
al 1300°C m N, bubbled through wobter ai 30°0,
The samples usually were washed in HF after the
predepesition o remove any soluble deposits of e
diffusant on the unoxidized surface and the pre-
oxidized layer which now may conlain some of the
diffusant. This washing procedure wos found 1o give
moare reproducible results,

Asshown by the data in Fig, 6 the Si0, layer masks
apninst the diffusion of As in the case of oll four
predeposition temperatures. The degree of masking,
which is deflned as the ratle of the surface concer-
tration of the unoxidized surface to (hatl of the oxi-
dized surface, increasses with predeposzition  tem-
perature over the range studied, The dato for Lhe
unoxidized surfaces also illustrate the usefulness
ol the predeposition lechnigue fer controlling the
surfuce concentration over wide limits. The applico-

Table 1, Masking by oxide surface layers against the ditiusion of some donors ond eccepions®
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tion of this technigue for producing both np and g
double diffused layers from the same donor and
geceplor npurity will be desceribed later,

Multiple Layer Structures

A more interesting example of selective masking
by oo S0 laver 1 dlastrated in Figo 7. After the
prooxidation of an n-{ype 51 sample in wel nitrogen
pb PA00EC, Lhe oxide layer is pemaoyvee [rom oge sur-
Tace to give alternate oxidized and unoxidized bands.
This = done by applying alternate bands of wax,
washing in concentrated HF, and then remowving
the wax with a solvent. An As dilTusion followed by
a G cliiPugion and an HF wash results in the strae-
ture illustrated by the top and cross-section views
shown in the botlom lefl of Fig 7. Note the alter-
nate peoand n-type suelaces s well as the olternate
single and double diffused layers. These correspond
1o the alternate oxidized and unexidized bands, res-
pectively, on the top face before the diflusion opera-
tions, The beliom surface, which is completely cov-
ered with an oxide luyer before the diffusion treat-
ments, is entirely p-tvpe with o single diffused layer,
A similar strocture results if Sbg), heated al H00°(0
i substituted for the arsenie {rioxicde

[t is ol necessary 1o remove the oxide layer
afier the As diffusion since Ga is not masked by the
Sity, laver under these processing conditions (see
Table [). Actually the oxide layers covering the n-
und pelype surfaves before the foal TTE wash are
distinetly different in color. The color difference pro-
bably 15 due lo o Lhickness dilterence belweon thi
vwo axide lovers, This ig indicated sinee the same
colers are pbserved when the dentical heating ze-
quence s employed without the addition of the As
and (3a. The color difference of the oxide layers
covering the w- and p-type Stsurfoee areas is useful
i deviee fubrlention as an oid in leeating these ro-
gions alter diffusion.

A transistor {(6) has been made by these tech-
nigues which had an alpha of 0.01 al a collector vol-
tage of 10v and an emitter current of 1 ma, The
petbgue feature of this transistor structure was the
ability to make a direct contact on the some sur-
face to both the dilTused base laver and the diffused
errotter lover, In previously deseribed double dif-
fused transistors (3), the base contacl was made by
alloying Al throupgh the emitter loyer, The direet
contarl Lo the base layver deseribed in this paper also
shouwld wllow g higher surface concentration in the
ermilter than is permissible in the Al olloy Duase comns
tact sTructiure.

This strueture obtatned n Flg, 7 can best be ex-
plained by reforrng (o Fig B0 This illustrates the
appreciably lower surface concenlration of As in
Lhe osadized surfnee as compored Lo Lhe unoxidized
surface. Sinee the Ga is not masked by the 510,
lyver under these processing vonditions, ils surface
concentration is equivalent for both surfaces, Thuy
the As overdopes the Ga on the unoxidized surface,
while the reverse is true on the oxidized surface. 1n
ather words a ap diffused structure is produced in
the unoxidized surface gnd o single p difused layer
is producod in the peeoxidizged sarface, The surface
concentration of the diffused As layer in the oxidized
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Fig. & Plot o lusteate the formetivn ol single and duuble
diffused lavers by selective masking.

gurface was not determined in this experiment and
is drawn merely for Hluslration,

Fig. § shows o photograph of an actual dilTused
structure which was produced by the selective mash-
ing lechnigue just deseribed. The diffused loyers on
one surface were exposed by lapping at a 5 degree
angle (5} perpendicular to alternate p- and n-type
surfoce boands similar to thoese iMustrated in Big 7
The p region was durkened hy the HE-FHNO, staining
technigue (83, Note the single podiffused layor in
the center region with double wp diffused layers on
either side, While not evident from the photegraph,
the dork suefoee or p orogion indexes very closcly
with the original preoxidized surface.

Controlled structures with either w- or p-lype
single diffused layers and cither wp- or pu-lype
double diffused lavers have been produced by the
selective masking procedure when the proper diffus.
ants and processing conditions are employed, More-
over, both structural types have been produced with
B oand I by employing the predeposition toechnigae
This combination of impurities alse can be employed
for producing low resistance surface layers for col-
lector contacts in transistor construetien, The es-
seniial processing steps for producing either an wp-

=5 i

Fig, 9 Phaotograph of single and double ditfused fayers
produced by selective masking,
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Fig. 10, Production of o prpme’ transistor structure by
prodisposiblon ond selective masking,

ur pu-type transistor stroeture of thiy Lype with B
and P are shown in Pig, 10 and 11,

In the npe stryciure ilustrated in Fig. 10, the pro-
deposition of the 13,0, al B76"C in dry N, gives o
surface concentralion (C,) on the unoxidized surface
which is well below 1hat eventually reached by the
P, The provossing conditions are chosen to give Lhe
desired final diffusion depth of the p-layer into the
originally unoxidized surface, Because of the musk-
ing effect of the oxide layer during the predeposi-
fion of the boron triosade, the ©f of the oxdized
surfore is reduccd 1o well below thal of 1he unoxi-
dized surface. Actually no B converszion Jayver is
formed in the oxidized surface under these progess-
ingt tenditions, Thus the structure illustrated by the
last eross section in Fig, 10 results after the final
phosphorus dilTusion,

The pre straeture Hustrated in Fig, 11 s produced
in a similar manner except that the P is masked
und s surfoce concentration i8 reduced by predopos
sition below thot eventually reached by the B, In
this case o conversion laver is formed in the oxidized
surface by the P, However, the partia]l masking by
the oxide laver 1s sufficient to reduce the diffusion
depth below that finally ottained by the B layer
Because of this only a @ layer is formed on the ovig-
inal oxidized surface as shown in Mg 11, At these
low doping levels, red P oas o source of [P vapor gives
more reproducible results than PO, Red Poalso
penerally results in lower surfoce conceniralions
than the phosphorus oxide for otherwise similar
procesging conditions.

In addition to tho structural possibilitios of mosks-
ing, it also can be applied in conjunction with the
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Figg, 11, Produeiion of @'npp' tronsislor strgeture by pro.
deposition and selective mosking
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prideposition technigue o provide o wade range of
controlled impurity levels in diffused layers. For
example, by modifying the processing conditions
Hlgsgteated in Fig 10 wned 11, the doping levels of the
base and emitter lavers can be varied over wide
limits.

It 1s evident from the few examples ol selective
masking described that & large varicty of structuresz
can be produced by the proper chioice ol procossing
conditions. It is hoped that the examples given illus-
trate the essential procedures lor producing such
structures,

Summary

The use of gxidizing atmospheres has been shown
1o provide surfuee prolection of 51 surfaccos during
hiph temperature heating operations, The protec-
tion rosults from the enelosure of the 51 n o 510,
envelope. The latter also provides o means  for
masking against the diffusion ol seme impyritices
into Si ot high tempecatures, The masking elfeetive-
ness of the oxide layer is determined by several pro-
coss parameters sueh as time, tempoerature, carrier
pas composition, impurity type, impurity compoud,
and preoxidizing conditions, Thus far, processing
pargmelers have heen established for masking B, As,
Sh, and P, Precise surface structures of both n- and
p-type as well as the simulianeous production of
single and mullidiffused junction layors ure possiblo
by thizs masking technigue, Finally, a wide range
of controlled impurity levels in diffused layvers can
be obtained by means of 0 new predeposition tech-
nigue,
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