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“Abstract

~ Plastic deformation produced rytphosphérus diffusidn:into an,(oéi) -
silicog surfaéé hés beén studied by_transmission electron micrdscopyrf Tﬁe
:"latticé baraméter differénces in regiéns of ‘steep solute concentrgtioh.
v:gradient are accommodated'by é crossed”grid of edge diéiocations héving
Bﬁrgersrvector a/2[110] and a/Q{ilO];' Tne long edge diélocatiéns end_at
_ nqdes.whigh Suggééts'that they.are formed.bj.disldcatign réaqtiéns_betweeﬂ’

pairs of dislocations that can glide into the crystal on (111) planes.



cbeen cbserved through etch pits on planes perpendicular to the diffusion front

and bj X- ray diffraction contrast.
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Introduction

- Lattlice parameter variations accompanying'gradients in concentration
of a solute cause internal stresses in a crystal. If these stresses exceed

the'yield stress, plastic relaxationiintroduces an array of dislocations into

;the_region’of sharpest gradient.

_In silicon, diffusion treatments (with boron, phosphorus; orvopher
doping elements), are frequently employed to achleve desirable electrical
characteristics. Etch patterns at the surfaces through wnich the solutes
are infroduced show that local'plastic deformation somtimes occurs.( ) The

resulting dislocation'array in boron or phosphorus diffused silicon has also .1'

(3)

The present experiments were undertaken to further.study the character

of diffusion induced plastic deformation and the resulting:networks'of

dislocations in order to clarify the. mechanism by which they move into the

crystal as the diffusion proceeds.

Experimental :

Slices were cut in the [001] orientation from crucible grown silicon

's1ng1e crystals. The slices were lapped, mechanically polished, chemically

etched and cleaned. A phosphorus prediffusion was then performed in the

folloWing manner: The slices vere placed in the hot zone (1ooo to 1300 c)

of a two-zone furnace. The cold zone (250 c) housed a supply of phosphorus v}f

- pentoxide, which served as g source for n-type doping. A nitrogen stream

‘,carried the dopant into the hot zone. Silicon treated in such a way attains

a surface film, generally assumed to consist of avglassyﬁmixture of silicon
‘and phosphorus oxides. DiffusiOn of phosphorus from this surface layer into

the bulk causes formation of n- type layers.

<e>{]
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‘vThe elices thus treated were prepxred for.transmission electrohvﬁicroscopy
as described prev1ously ( ) ObservatiOqs were made in a Siemene Elecfron
Microscope operated at 100 Kv and fittei with a special specimen stage that
allowed_tilting of the normal'to.the syecimen surface to £6° in any direcgion

away from the axis of the microscope j¢ ) The'analyses described in the paper

. could not have been done with only & simple tilting stage, (e.g.,'the standard

stereo mechanism)}ubecause,it was neessary to achieve a variety of single

diffraction conditions for the same field of view.

Results and Discussion’ N

Description of the,dileCation'geometry-and the diffraction conditions
will Dbe facilitated by reference to the tetrahedron of {111} planes shown in

the'(OOl) projection in Fig. 1. Theﬁedges of the tetrahédrdn repreeent the

six <110> direCuions and also the B1 ‘gers vectors of the type a/2<110>.

Their projections onto (OOl) debignc, d as (1), (2), (3), (W) will_also be

used to identify the traces of the ('ffraction'nlanes that correspond to

“: Loo, oko, 220 ‘and 220 beams respeci vely. The criterion for visibility of

the dislocations is that B must not 'ile in the reflecting plane (i. ey 2D # )(6 7)

Table I shows the dislocations that ure v151ble for dlfferent reflections

‘>obtained in [001] films.

-~ As shown at low'magnificetion‘ixgFig. 2a the dislocation network is a -
crossed grid of very long dislocatio; lines. They are somewhat wavy but oﬁ :
the average lie along the directioﬁsSKD and“BC (Fig. 1). To best accomodate
an increase in lattice parameter on éoing from.the surface to the interior |
they should be‘edge dislocations wité Burgers vectors BC and AD resﬁectively.
Tne diffraction contrast results pregented in Fig, 2(b,c,d) are consistent
with this hypothesis (Table I).. All the lines are present for diffraction
plane (1) which does not contain eitier'AD or BC. However,'the lines parallel

to AD;'which should have BC as Burgevs'vector, go out of contrast for diffraction
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L Table Ii

| Visibility Criteris for Dislocations (Fotls in [001])

- 'feflebﬁiqﬁk3‘ 

.."%;

()

uoo.;i, f‘1.(2)'dh6¥’; - ,(3>'220 E ., ,(5)"5265

N

! a/a[dlij ‘~“,t,f
. :a/2[iOi]t11:1I‘

sferio]

 >a/2[ilO] -

a/e[llo].

The numbered planésifefer_to thosé_éhoﬁn in‘Fig.vI. “
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,plepe (h)sae.ekpected.. ThellineS'lying along BC that shoﬁld have AD as
.Burgers vector are invisible when the diffrection plane.is.(3).

It can also be ehown-that.the pargllel_dislocations in each set of thev
hetworke are all of the saﬁe sién. .If,the foil ls oriented for twoldiffractingjz
.‘beams, oakihg an' obtuse angle,,doubletimeges are formed. In Fig. 3 the 0O
vand 220 reflections operated. Notice the weeker secondary.image ie elﬁays'
to the eeme-side'es‘tﬁe Etrong.imagegji;e;,jg has the eamersign for eacp?
ldislocation. '_ | | | | | .

- The dlslocatlons in the. network do: not all lie at: exactly the Same depth.
:.For example in Flg. L part of the network has been pollshed avay wnlle other
'segments stlll remain within the foil Thls is also ohOWH by the tendency for
vtwo or more llnes to attract each other.i This would only be so for- edge
vdislocatlons of the same sign 1f they lie at dlfferent depths.~ In:Elg. 2_
there are many examples of pairs or larger clusters. In Flg. 5 six clslocetiohs
lylng approx1mately one above the other were observed. The fact that the
vertlcal allignment was usually not pex fect suggests that even at the diffusion
temperauure the glide mobillty of these dislocations was not great. This might
be expected because they do not lie in their {lll) glide planes: they must
 glide in (OOl) in order %o line up one.above another.

V_The'numbers of dislocations in the array is difficult to measore'accurately
because so many of the lines correspond to more than one dislocation. However,
there.are roughly ten dlslocations per micron. This would correspoad to a change
in  the 1lattice parameter of about O.k%. The lonic radii of silicon and
phosphorus are l;lTK and'l.07ﬁ respectively. Therefore,‘the array would
accommodate the miefitduetoa-pmosphorms concentrgtion in the surface layers

of.-the order of 4 atomic percent.

* All rotatlons between diffraction patterns and images have been taken into
account in the Figures shown.
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An interesting question concerning this type of array is the mechanism by
y waich 1t moves into the crystal as the diffusion proceeds Substitution of s
| pnosphorus atoms in silicon causes a decrease in lattice parameter., Therefore;j
:'1f the dislocations shown in Fig 2 climb into the crystal,there must be |

. continuous migration of vacant lattice sites from the=dislocations to the
'external surface. The electron miCrographs show that climb does occur

‘during tne diffusion reaction. Helical dislocation segments were observed as
~shown ‘in Fig- 6;(see also Fig. h). In-some areas ‘there was-also evidence for

precipitation of solute elements, or vacancies or both together. Large numbers

' of small defects can be seen in regions away from the dislocations in Figs. 3,

L ane‘6 At high magnificatlons these defects show diffraction contrast
Similar to that of dislocation loops or planar clusters of solute atoms that
are accompaniedvby lattice strain. The image is smaller for g°bs < O than
for- g Jbs > O( k) and the visibility of the defects is orientation sensitive.
‘vAt the present time, from contrast experiments alone it has not been possiblev
to declde whether these defects are small dislocation loops or coherent solute
atom-clusters, orvprecipitates. However, the fact that‘the dislocation lines
fthemselves Were often decorated by strings of precipitates suggests that solute
atoms;were present in the éefects. In Fig. 7 rows of precipitates can be seen
‘where dislocations are out'of contrast. It seems reasonable to assume that

| these precipitates contain phosphorus. Iu agreement with this hypothesis

g :it has been found from an analysis of aiffusion profiles<8) that for heavv'

| concentrations only a fraction of the phosphorus is active as a donor. The
‘1rest might ‘be assumed to be precipitated. | | |

| - Not all of the dislocations in the array had Burgers vectors a/2[llo]

. or a/2[llO The presence of some_lines with Burgers vectors that were not



B and then the other. Another feature that 1 illustrated clearly by‘Fig.-9

o motions rather than entirely by ‘climb. Growth of a netwoii &t ooz level at E
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" parallel to the surface of the specimen suggested another mechanism by which

the network could be formed. The long edge dislocations that comprised the

. 'majority of the network always terminated at nodes. The contrast experiment
illustrated in Fig. 8 shows three vertical dislocation lines that do not go out;;ffg
of contrast when only diffraction plane (3) is operating (Fig. 8b) Therefore,tﬁthf
unlike the majority of the dislocations that 1lie along. direction BC they do nott:th*
" have Burgers vector AD. It can also be seen that many of the edge dislocations;f;‘*
lying along.AD terminate at nodes along these three singular lines. Further-k};"ﬁ

more, the dislocations that end at the lines come alternately from one- side ”{g;ﬂ‘Ff

:g'is that all the individual segments of a given singular line are often bowed.
in the same direction which suggests that the line was 1n motion. This would'

- result in;shortening the_edge dislocations terminating at the line_from oneh
Aside and lengthening'offthose that approach itvfrom the other side;i Singularjv”' -
‘ :lines sometimes turn from the general direction AD into the reneral direction}-

.“BC B0 that both those edge dislocations lying along AD &nd w.osc parallel to ﬁiiff;li
Bo can terminate at different parts of the same singular lize. igamples-of Nﬁ:t i ;t
..tthis can bz seen both in Fig. 8 and 9 S
These observations suggest that the mechanism by which the crossed grid
"~ of edge dislocations is removed from a given depth and reformed at & greater
v'depth is by glide ‘of singular lines that have Burgers vectors AB, DB, CD or CA.;:i

‘By this mechanism the network can follow the diffusion primarily by glide'

" the expense of that at. another level by motion of singulai lines is illustrated
schematically by Fig. lO. The Burgers vectors of all lines are labeled

Individual Segments of singular lines can lie approx ietel, on thqir g_.ue'ﬁléﬁé55
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The fact that only alternate segments of a singular line should have i .

the saﬁe Burgers vector can also be confirmed by diffraction contrast.

ib Figure ll shows that for diffracting plane (l), alternate segments of the

.singular line marked "A" go out of contrast together. For diffracting planes
(3), (220, or (4), 220, singular lines were always entirely in good‘contrast
as expected. The same area shown in Pig. 11 can bevseen in Fig.'3 with-all
‘segments of.line-"A"_in good contrast. |
The ‘mechanism goveraning formation and motion of the dislocations is
‘ anparently the following. Upon exposure to the P205, a very highly doped,
shallow surface layer is formed. It is known( ) that the distribution
coefficient for phosphorus batween Si and SiO2 is such that dissolution in
Si is greatly favored. Thus one probably'has'a shallow layer of silicon,
doped to the solid solubility linit which is adjacent to the glass; In the
' 'specimens observed by transmission electron microscopy the glass layer had
either been removed during preparation of the foil or it was extremely thin.
It could not be detected either by optical or electron microscopy observations;v
According to the rapidity of phosphorus diffusion and oxidation, the
dislocations glide inside to follow the traveling zone of misfit, Glide is
easlest for the 60° dislocations in (lll) planes. When suitably oriented
'glide dislocations mcet' a stable network 1s produced..
" It is-interesting'tovcons1der also the case of doping with boron
: trioxide B 0,. Boron is also a substitutional impurity smaller than '

: 273"
»silicon.' It has been shown to effectively create "diffusion-inducedﬂ dislo-

(2, 3)

~cations and slip-patterns. Some faint contrast was observed in electron

* Similar but not as detailed conclusions can be drawn from X-ray topographs,

Schwuttke and QueiSSer, unoublished.
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microscone specimens;> Fignre.lE is an eiample} here the faint traces may
correspond to etching grooves at dlslocation sites or at previous positions

of dislocations due to precipltates.' Glassy layers containing B 03, apparently
do not cause networks of mlsflt dislocatlons neaxr encugh to the surface to be
eesily revealedbby the thin foii.technique. This result seems surprising,;
but may be explained by the distribution’coefficienﬁ of B betﬁeen‘Si:and

Sioé. It is not yet clearly esteblished, but seems blausible, that boron

_ favors dissolution in the glessy Si02 layer rather than in the Si. This
could.cause the lack of a sharp lmpurity gradient within the silicon‘nearv

the Surface.A When the network of misfit dislocatlons is farther from the

‘ surface than the'tnickness of:an electron transparenfyfoil then it is very
difficult to prepare a foil'that contains the network. Just the rignt amount -
~of maﬁerial nust be removed.by chemical folsihing from both sides of the
Original specimen. We have not yet Been successfui invpreparing an electron

microscope specimen containing misfit dislocations fof boron diffused silicon.:
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Figure Captions

Tetrahedron of {lll}vplanestas'projected onto (00L).

Crossed grid of'misfit-dislocations due to difoSion of phosphorus
into silicon, (a) Low magnification photograph showing a variety of
different diffraction conditions. (D), (c),(a) Three different single
diffraction images for the same area showing that the array is a i
crossed grid of edge dislocations with_Burgers Vectors parallel to thel
{oo1) surface.v (see text). | | |

Double images due to. the operation of the two reflections EOO and

- 220 showing that all dislocations in a given set have the same ."

) sign. Notice-also the large number“of loop-like defects. (see text).

Area in which part of the network has been polished away showing that

" ..all of the lines are not at exactly the same depth. Notice,helical

5.
.-for lines at different depths'to line up one above the other.

6.

T

dislocation at Ao

A cluster of several dislocation of the same Sign showing tendency

Evidencevfor dislocation climb‘}*note helical_dislocation-segment and

L e

'-small loop -like contrast

Evidence for precipitation along dislocation lines. Note strings of

"~precip1tate that are visible where some dislocations are out of

.Fig.'8.

‘diffraction,contrast.

~

{a),(b), Diffraction contrast experiment.showing that some_singular lines .

' are present that do not have Burgers vectors that are parallel to the

surface of the specimen. In (a) the 040 and 530 reflections operate,

in (b) only the 220 reflection operates (see text for explanation).

Network lines terminating at singular lines that are bowed suggesting

tqat uhey were in motion.
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'iFig..ld. Suggested mechanism for the trensfer of a netnork from one ieVe; égif'
to another by the motion of singular lines. | |
_ Fig.v;l; Samebarea as F;g. 3 but for elngle Loo diffraction condition '
| ehowing thét einguier lines,COnsist of segments having_differente -
.Burgers vecters;A In'this'case7alt°rnatersegments.having-the same
Burgers vector are out of good contrast. _‘

fig;v12. Faint traces along [llO] and [llO] directions in silicon after

a B203 doping treatment orientation [OOl].=
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Fig. 10
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Fig, 14
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