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A comprehensive study is made of the behavior and effects of fluoriné-polysilicon layers. The
polysilicon is deposited in a conventional low pressure chemical vapor deposition furnét@0pn

silicon wafers, implanted with X 10'*cm 2F" and 1x10**cm ?As* and annealed at 850, 950,
1015, and 1065 °C. Sheet resistance, transmission electron micro§dsll, and secondary ion

mass spectroscopy are used to obtain quantitative data for the breakup of the interfacial oxide, the
epitaxial regrowth of the polysilicon layer, and the fluorine and arsenic distributions. The fluorine
significantly increases both the initial oxide breakuBx) and the initial polysilicon regrowth. It

also produces inclusions in the layer which can affect the subsequent polysilicon regrowth and the
arsenic distributions. Three regrowth stages and two regrowth mechanisms are distinguished and
interpreted, and a value 6f6x 10 *cn?s ! is deduced for the effective diffusivity of fluorine in
polysilicon at 950°C. The amounts of regrowth determined by TEM are compared with the
corresponding changes in sheet resistance. The thermal budgets required to produce polysilicon
layer regrowths of 1% and 50%, important for the performance of polysilicon emitter bipolar
transistors, are given. All the thermal budgets are lower when fluorine is presen200@®
American Institute of Physic§S0021-897@0)01410-9

I. INTRODUCTION current gain and the device characteristics are sensitive to

Polysilicon emitters are now used for most high perfor-Small_differences in the interfacial oxide stru.ctﬁlrgﬁ.\
mance bipolar silicon transistors. For these emitters, a largdfive-in that completely breaks up the oxide and significantly

amount of dopant is implanted into a polysilicon layer andepitaxially regrows the polysilicotcase G is similar to case
this acts as a diffusion source to produce a shallow emitterB but has the further advantage that the device characteristics

base junction in the underlying single-crystal silicon wafer.are much less sensitive to the interfacial oxide structure and
When the polysilicon layers are deposited on the silicon wahence gives more reproducible device characteri&li€n

fers in a conventional low pressure chemical vapor deposigoing from case A to case B to case C, progressively higher
tion (LPCVD) furnace, the commercial production processthermal budgets are required for the emitter drive-in. How-
used for such transistors, there is invariably an interfaciapyer, higher thermal budget emitter drive-ins have the disad-
oxide layer, typically 0.6—1.4 nm thick, between the deposy,antage of increased junction depth in the single-crystal sili-

ited polysilicon layer gnd.the_silipon. _Wafer, and during. thecon, which produces an undesirable increase in emitter/base
subsequent dopant drive-in this significantly affects the inter-

. N capacitance.
face and polysilicon structurég,the dopant distribution? P

and the bipolar device characteristsA drive-in that does h Tl?e |mprl]antat|0n ofhfluorm(_a mt;n a rl)olygc;llcc;)ne%r;é%er
not break up the interfacial oxide layécase A has the as been shown to enhance Interfacial oxide br

advantage of giving a device with a high current gairput and hence to give a low emitter resistance at a reduced ther-
the disadvantage of a high emitter resistahté drive-in  Mal budgef:** Fluorine has also been shown to give higher
that partly breaks up the oxide and begins to epitaxially regains®and improved base current idealifigglue to the pas-
grow the polysilicon layefcase B has the advantage of a sivation of dangling bonds at the oxide/silicon interface.
lower emitter resistance but the disadvantages of a lowerence the incorporation of fluorine into the polysilicon can
have major beneficial effects on both the materials and the

dAuthor to whom correspondence should be addressed; electronic maige\nces’.sO It Is iImportant to understand the role played by
chris.marsh@materials.ox.ac.uk the fluorine.
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Williams and Ashburtf showed that, for polysilicon shown. All of the thermal budgets are lower when fluorine is
layers implanted with B and annealed at 1150 °C for 10 s, present.
10% epitaxial regrowth occurred, whereas for these layers
implanted with BE only or B" plus F* and similarly an-
nealed, 80% regrowth occurred. It was deduced that thd- EXPERIMENT

faster regrowth with fluorine present occurred because of a  Unpatterned(100 p-type Czochralski silicon wafers
faster breakup of the interfacial oxide and the suggested regvith resistivities of 3—3%) cm were given a HF dip or RCA
son for this was the formation of SD—Fcomplexes which  surface treatment, and produced surface oxide layers typi-
could result in a weakening of the bonding structure of thecally 0.6 and 1.4 nm thick, respectively. Polycrystalline sili-
interfacial oxide!® It has also been suggested that fluorinecon was deposited on the wafers at 610 °C using a conven-
increases boron diffusion down the grain boundaries of theional LPCVD furnace to give layers of 320 nm thickness.
polysilicon’ The specimens were implanted withk10**cm™2F" at 50

Chen et al!® showed that, for polysilicon layers im- keV followed by 1x10**cm 2As’ at 70 keV (called F
planted with BE and annealed at 850-1100°C, a broadspecimensor with the As" only for comparison purposes
band of small defects was present in the upper part of thécalled NF specimensA LPCVD SiO, capping layer of 600
layer and a narrow band of small defects at the interface. lnm thickness was deposited at 400 °C. Furnace annealing in
was suggested that fluorine was gettered by residual damagérogen was used for the 850 °C specimens annealed from
defects in the layer and by the interfacial oxide to give in30 to 480 min and for the 950 °C specimens annealed from
both cases fluorine bubbles and that boron was gettered Byp to 30 min. Rapid thermal annealing in nitrogen, using a
the fluorine bubbles. single wafer machine with lamp arrays, was used for the

Tsaur and Hunj showed that, for undoped polysilicon 950 °C specimens annealed from 2 to 300 s, the 1015°C
layers, complete regrowth occurred for an anneal at 1150 °@Pecimens annealed from 4 to 120 s, and the 1065 °C speci-
for 120 min. For polysilicon layers implanted with As ~Mens annealgd from 2 to 75s. At 850 and 950 °C, specimens
complete regrowth occurred for an anneal at 1150 °C for 1@iven a HF dip and specimens given an RCA surface treat-
10 For polysilicon layers implanted withFplus As™ com- ment were both annealed. Hovyever, more HF specimens
were available than RCA specimens so unless otherwise
stated the 850 and 950 °C results given in this article are for
HF specimens. At 1015 and 1065 °C, RCA specimens only
awere annealed.

The layer sheet resistances were measured using a four
point probe at 22°C. The sheet resistance of an

plete regrowth occurred for an anneal at 1000 °C for 2 #iin.
For polysilicon layers implanted with'Fplus As", the ther-
mal budget required for the Asdrive-in to give complete
regrowth could be still further decreased by performing
pre-anneal to start the breakup of the oxide after tHe F

implant but before the Asimplant® It was considered for " - . . ) .
n"-polysilicon layer on single-crystal silicon gives an indi-

specimens implanted with Asor F* plus As' that the bro- . S

. . cation of the occurrence of epitaxial regrowth because a de-
ken up interface structures corresponded to oxide . : .
particlesh 1 crease in resistance takes place when the polycrystalline ma-

. . terial regrows as single-crystal materifl. The sheet
Tseng et al?* showed that, for polysilicon layers im- g g y

. T ist thod id id inf ti d hel ith
planted with F only and annealed at 950 °C, significant resistance metnod provides rapid information and helps wi

fluori lost f he | d had diffused h the selection of specimens for subsequent TEM and SIMS
uorine was OSt_ rom the layer and ha diffuse tqt € SUlsiudies. The TEM images were obtained us{a@0 cross-
face oxide capping layer, the 50 nm thick interfacial oxide

4 " sectional specimens and a Philips CM20 operated at 200
layer, and the underlying silicon wafer. No values have yeyqy/ s)\Ms analysis was performed for fluorine and arsenic

been reported for the diffusion of fluorine in either single- using G primary ion beam bombardment. The oxide cap-
crystal silicon or polysilicon and the diffusion mechanismsping layer was removed before making the SIMS analyses.

are uncertain. Naskt al?? showed that the diffusivities of The TEM cross-sectional images of the polysilicon
fluorine in amorphous S|I|coin14|n theilrange of 600700 °Cjayer/single-crystal silicon wafer specimens were obtained
were in the range 4.5-4710" **cn’s™* respectively. after initially tilting the thinned specimen in the microscope

In the present work, sheet resistance, transmission elegg the (110 on-axis diffraction condition of the wafer. Be-
tron microscopy(TEM), and secondary ion mass spectros-cause the polysilicon grains were crystallographically ran-
copy (SIMS) are used to make a comprehensive investigagomly oriented, the individual grains were not then set to any
tion of the behavior and effects of fluorine on LPCVD specific diffraction conditions. Consequently, any small de-
polysilicon layers containing arsenic when they are subsefects within the grains requiring specific diffraction condi-
quently annealed. The sequence of interfacial oxide breakugions, e.g., small dislocation loops, were generally not im-
and polysilicon layer epitaxial regrowth is studied and newaged. However, defects within the grains that were less
quantitative data are obtained. The structural results are cogensitive to the diffraction conditions, e.g., precipitate par-
related with the fluorine and arsenic distributions and mechaticles and microtwins, were imaged.
nisms are suggested to explain the behavior that occurs. Val- Due to the low contrast between a thin amorphous oxide
ues for the effective diffusivities of fluorine and arsenic in layer and polysilicon grains not set to specific diffraction
polysilicon are deduced. The processing conditions and theconditions, the TEM cross-sectional images in the present
mal budgets to give the various structures are described andork did not directly show the initial breakup of the thin
their relevance to polysilicon emitter bipolar transistors isinterfacial oxide layer when holes were beginning to occur in
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FIG. 1. Polysilicon layers implanted with eitherxtl0'®cm™F* and 1xX 10 cm™2As* (F specimensor 1X10cm 2 As™ only (NF specimensand
annealed at 850, 950, 1015, and 1065 °C. Sheet resisféme¢d)] and the amountaverage fractional volume expressed as a percentzgeolysilicon

epitaxially regrown to single-crystal silicdiie)—(h)] as a function of the anneal time. For each temperature the sheet resistance graph is above the regrowth
graph and the resistance and regrowth graphs have the same time scales to facilitate comparisons.

the layer. However, this stage could be identified by the ini-NF curve, is mainly due to a slow increase in the electrical
tial roughening of the interface that was observed when thectivation of the arsenic in the polysilicon grains together
single-crystal silicon of the wafer initially grew epitaxially with a decrease in the number of grain boundaries arising
through the holes in the interfacial oxide and into the poly-from grain growth, these boundaries acting as potential bar-
silicon layer. The TEM images directly showed the subseriers. The fast decrease in resistance that sometimes occurs
quent stages of the oxide breakup and epitaxial regrowth. subsequently, e.g., for the middle part of the 850 °C F curve,
is due to epitaxial regrowth of the polysilicon. The redistri-
lll. RESULTS bution of silicon and arsenic atoms at the growth front in-
A. Structures creases the activation of the arsenic that was present in the

grains and the elimination of the grain boundaries removes

TEM showed that the deposi_ted polysilicon layers 9€Nthe potential barriers and makes additional arsenic available
erally consisted of columnar grains 10—20 nm across. Th?or activation

sqrfaces of the layers ranged fror_n relatively 5“_“00”‘ to For the 850 °C NF specimens, the slow decrease in re-
slightly rough and there were sometimes surface pits. When. o o

. e 4 ) sistance up to 28 800 s indicates no regrowth. For the 850 °C
the layers were implanted with"Fplus As™ (F specimens

or As* only (NF specimens the upper part of the layer was F specimens, the slow decrease in resistance up to 8400 s
amorphized from the surface to depths of 175 and 105 nmindicates no regrowth, the fast decrease from 8400 to 9000 s
respectively. On annealing, the amorphous material rapidl', dicates significaqt rggrowth, and the slow decreasg from
crystallized, giving irregular grains. In general, as annealin _00_0 to 28800 s |nd|cate.s little further regrowth. Using a
proceeded, for the 850 and 950 °C F specimens, the grains mm.llar proce(_jure for the higher temperature anneals, the fo!-
the upper part of the layer were equiaxed and increased t§Wing behaviors can be deduced. For 950 °C, the NF speci-
~150 nm while the columnar grains in the lower part in- MeNS are not regrown up to 300 s whereas the F specimens
creased to 25-40 nm across. For the 1015 and 1065 °@&e regrown after 80 s. For 1015 °C,.the NF specimens are
specimens, all of the grains were equiaxed and increased f§9rown after 90 s and the F specimens after 45 s. For
~150 nm. 1065 °C, the NF specimens are regrown after 60 s and the F
Figure Xa)—1(d) show sheet resistance as a function ofspecimens aftgr 7 _S- _
anneal time for 850, 950, 1015, and 1065 °C anneals, respec- TEM examinations showed that, for the 950 °C F speci-
tively [Figs. 1(e)—1(h) are discussed later and are included inmens annealed for 10 EFig. 2@], no interfacial oxide
Fig. 1 for direct comparison with Figs(d—-1(d)]. It is gen-  breakup or polysilicon layer regrowth was observed. For an
erally considered that the slow decrease in resistance thanneal of 30 s, the oxide was beginning to break up and
sometimes occurs initially, e.g., for the whole of the 850 °Csmall areas of regrowth extending into the polysilicon were
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FIG. 3. Cross-sectional TEM micrographs showiiag parallel polysilicon
epitaxial regrowth, F specimen annealed at 950 °C for 120 gl@rmkrpen-
dicular polysilicon epitaxial regrowth, NF specimen annealed at 1015 °C for
75 s (I=position of original polysilicon layer/silicon wafer interface,
P=polysilicon, S=surface.

lower magnification micrograph of this specimen which bet-
ter illustrates parallel regrowth is shown in FigaB For a
300 s annedlFig. 2(d)], some areas of regrowth extended to
the polysilicon layer surface and the regrowth was 85%. For
a 1800 s anneal the regrowth was 97%. The last small areas
of the polysilicon adjacent to the layer surface were slow to
regrow. During the regrowth, inclined stacking faults and
twins formed in the single-crystal material and had number
densities of typically 19-10"°cm 2 (calculated for plan
view). For the 950 °C NF specimens annealed for 60 s, no
oxide breakup or polysilicon regrowth was observed. For
anneals of 180, 900, and 1800 s, the oxide was broken up
and the regrowths were 0.2%, 0.5%, and 1.0%, respectively.
For the 850°C F specimens, the regrowth sequences
were similar to those of the 950 °C F specimens, but with
longer time scales. For the 1015 °C F and NF specimens and
the 1065 °C NF specimens, there were large variations in the
FIG. 2. Cross-sectional TEM micrographs of F specimens annealed @amounts of regrowth along the interface. In some regions
950 °C for(a) 10, (b) 60, (c) 120, and(d) 300 s showing progressive stages Where regrowth started in a local area, it rapidly continued
of i?te,flfada' nggize bgikgzdea”‘;rtigg)s’sgfgt”aczf}it?gﬁl'tsfsg(fjoz"'(mﬁs and often reached the polysilicon layer surface before any
ngh)i/;u\ieosr;’ fringes’ from in[():lined ’silicon/pol)?silicon boundar’y, Slgmflca}m regroyvth_ had occurred in the adjacent local ar.eas.
S=surface. Here this behavior is called “perpendicular” regrowth. Fig-
ure 3b) shows this regrowth for a 1015°C NF specimen
annealed for 75 s. For the 1065 °C F specimens, the regrowth
just visible. For a 60 s annedFig. 2(b)], the oxide was occurred so rapidly that with the specimens available it was
broken up and the small local areas of regrowth extended upot possible to observe the intermediate stages of the re-
to 45 nm into the polysilicon. This regrowth was pinned to growth sequence.
the interfacial oxide and corresponded to a layer regrowth of TEM showed for all of the specimens, except the 850
3% (the average fractional volume of the polysilicon layerand 950 °C NF specimens, that the interfacial oxide layer
regrown to single-crystal silicon deduced from the TEM im- progressively broke up during the annealing to give an array
ages. For a 120 s annedFig. 2(c)], the regrown polysilicon of small defects along the interface. These defects in a
was no longer pinned to the interfacial oxide, there was ®50°C F specimen annealed for 18Q79% regrowth are
single wavy polysilicon/silicon growth front, and the re- shown in Fig. 4a) and a defect in a 950°C F specimen
growth was 40%. This behavior where the growth front hasannealed for 900 $90% regrowth is shown in the inset
completely broken away from the oxide while no local re- (defects present in regrown single-crystal silicofhe defect
gion of the growth front is further than approximately half- contrast, i.e., bright or dark, depends on the depth of the
way to the surface is termed here “parallel” regrowth. A defect in the TEM thin foil specimen. For the 950 °C F speci-
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showed that, compared with the unimplanted layers, the ini-
tial breakup and regrowth were increased by thé Asly,

the increases were greater for thé Bnly, and they were
much greater for the Fplus As’.

For the F specimens, a band of small defects arose in the
layer during annealing. The defects formed in the polysili-
con, increased in size, and the increase continued in the re-
grown single-crystal silicon. For the 950 °C F specimens, for
a 60 s anneal3% regrowth, the defects were irregular in
shape with sizes ranging from typically 5 to 30 nm and the
larger defects occurred in the middle of the band, i.e., at a
depth of~130 nm[Fig. 4b) shows defects present in poly-
crystalline silicor. For a 300 s annedB5% regrowth, the
defect sizes ranged from typically 15 to 30 iithe inset in
Fig. 4(b) shows defects present in regrown single-crystal sili-
con|. For a 180 s annedlF0% regrowth, these defects oc-
curred in the polysilicon, at the polysilicon/single-crystal
silicon growth front, and in the regrown single-crystal silicon
[Fig. 4(c)]. These defects in the regrown single-crystal sili-
con were faceted. For these defects at the growth front, the
surfaces of the individual defects protruding into the regrown
single-crystal silicon were faceted. For anneals of 10, 60,
120, and 300 s, the average defect sizes were 4, 17, 20, and
22 nm, respectively, and the number densities were 80, 5, 4,
and 2x 10'°cm™2, respectivelyreferred to as plan viewIn
addition, the depths of the upper boundary of the defect band
were 30, 40, 60, and 85 nm, respectively, while the depths of
the lower boundary were closely constant at 235 nm, i.e., the
width of the defect band progressively decreased. Similar
bands of defects occurred in the F specimens annealed at
850, 1015, and 1065 °C. However, these defects did not oc-
cur in the NF specimens and hence they are considered to be
associated with the presence of the fluorine. These defects
could be solid particles, liquid droplets, or gaseous bubbles
and we shall initially refer to them as fluorine inclusions.

The amounts of regrowth determined from TEM for the
F and NF specimens annealed at 850, 950, 1015, and
1065 °C are plotted as a function of anneal time in Figs.
1(e)-1(h). In general, each curve shows three successive
FIG. 4. Cross-sectional TEM micrographs of F specimens annealed aly4qag of regrowth corresponding to slow, fast, and slow re-
950 °C for (a) faceted interfacial oxide particles after annealing for 180 s . .
(shown by arrow (the inset is after 900)s(b) inclusions(shown by ar- growth. Exceptions are that for the 850°C NF specimens,
rows) present in a ban¢between dark lingsin the polysilicon after anneal-  there is no regrowth, while for the 950 °C NF specimens,
ing for 60 s[the inset shows faceted inclusiofiadicated by arrowsin only part of stage 1 occurs. The TEM structural results show

regrown single crystal silicon after annealing for 3Q0esd(c) inclusions at that stage 1 corresponds to the initial interfacial oxide
the polysilicon/silicon growth frongshown by arrowsand also in the poly-

silicon and regrown silicon, after annealing for 1800P=interfacial oxide b_reakup and the initia_l pon_siIicon layer regrowth which is
particles, D=stacking faults and twins, Ssurfacg. pinned to the interfacial oxide. For the 850 and 950°C F

specimens, stage 2 corresponds to rapid parallel regrowth.

For the 850 °C F specimens, stage 3 corresponds to the re-
mens annealed for 120, 300, 900, and 1800 s, the averaggowth front being significantly slowed down by the band of
defect sizes were 8, 10, 16, and 16 nm, respectively, and thaclusions in the polysilicon layer. For the 950 °C F speci-
larger defects were faceted. These interfacial defects oanens, stage 3 corresponds to the front being slowed down
curred in both the F and NF specimens and are considered tnitially by the inclusions and then by a “surface” mecha-
be some form of oxide patrticle. nism[the latter based on specimens annealed for times up to

In order to assess the separate effects of fluorine anti800 s, not shown in Fig.(f)]. For the 1015°C F and NF

arsenic on the initial breakup of the interfacial oxide and thespecimens and the 1065°C NF specimens, stage 2 corre-
initial regrowth of the polysilicon layer during annealing, a sponds to rapid perpendicular regrowth, with the amount of
comparison was made of undoped polysilicon layers thathe growth front pinned to the interfacial oxide progressively
were either not implanted, implanted with Asonly, im-  decreasing as the anneal time increases. For these latter three
planted with F only, or implanted with F plus As". TEM  sets of specimens and the 1065 °C F specimens, stage 3 cor-
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responds mainly to the surface mechanism. The latter mecha-
nism may be associated with the pinning of the growth front
by either surface pits or impurities swept to the surface re-
gion by the growth front.

The main effect of the fluorine is to decrease the time for 10 La il o,
stage 1. For example, TEM shows that the initial breakup of 0 0'11 02 03 04 05

. . . . epth (microns)
the interfacial oxide, which corresponds to a regrowth of
~0.1%, takes~20 s for the 950 °C F specimens comparedriG. 6. F specimens as implanted and annealed at 950 °C. SIMS concen-
with ~150 s for the 950°C NF specimens, a decrease offation profiles as implante@® s) and for anneals of 2, 10, 60, 120, and 300
~8x. The initial regrowth of the polysilicon for the 1015 °C S for (@ fluorine and(b) arsenic.
F specimens is also significantly faster than for the 1015 °C
NF specimens, and similarly for the 1065 °C F and NF speci-B Fluorine and arsenic distributions
mens. For the F specimens annealed at 850, 950, 1015, and
1065 °C, the TEM times for complete regrowth90%) are Figure Ga) shows SIMS fluorine concentration profiles
>28800, 900, 45, and 8 s, respectively. The correspondinépr the F specimens as implanted and annealed at 950 °C for
times deduced from resistivity measurements were similar tdifferent times. For the as-implanted specimen, there is a
the TEM times for the 1015 and 1065 °C anneals, but werdroad peak in the layer at a concentration of 7.5
less than the TEM times for the 850 and 950 °C anneals. Th&x 10°°cm™2 and a depth of 95 nm. For a 2 s anneal, this
reasons for this discrepancy will be discussed in Sec. IV. layer peak has shifted deeper to 130 nm and some fluorine

A comparison was made of the regrowths occurring forhas reached the interface, where a narrow peak occurs at a
the 950 °C F specimens when the initial silicon wafers haddepth of 320 nm. From 10 to 300 s, the layer peak concen-
been given either HF or RCA surface treatments. TEMtration progressively decreases tox20°cm 2 with its
showed that the amounts of regrowth upon going from 10 tonaximum remaining at 130 nm, whereas the interface peak
300 s were insignificantly different for the two treatmentsconcentration increases to Xa0?*cm™ 3 for a 60 s anneal
(Fig. 5). A similar result was obtained for the 850 °C F speci-and then remains constant. For the 2 and 10 s anneals, pro-
mens upon going from 1800 to 28 800 s. This result indicatesounced shoulders occur at a depth of 45 nm on the layer
that, when fluorine is present, the original thickness of thepeak. For the annealed specimens, the position of the broad
interfacial oxide, e.g., 0.6 nm for HF and 1.4 nm for RCA layer peak corresponds closely to the observed depth of the
surface treatmentshas little effect on the time required to band of inclusions. The side of the layer peak nearer the
break up the interfacial oxide. This is not the case whersurface progressively moves deeper into the layer, i.e., there
fluorine is not present, with the breakup taking a longer times a progressive loss of fluorine from this region of the layer,
for the RCA treatment.Hence in Figs. (e)—1(h), for the F  while the side nearer the interface remains at the same depth.
specimens the regrowth curves at the different temperaturdsor all anneal times, the layer and interface peaks remain
can be directly compared, even though the 850 and 950 °Geparate. These fluorine profiles cannot be explained by stan-
anneals were for HF specimens and the 1015 and 1065 °@ard diffusion behavior.
anneals were for RCA specimens. For the NF specimens this Figure &b) shows SIMS arsenic concentration profiles
is not the case since the amount of regrowth depends both dar the F specimens as implanted and annealed at 950 °C in
the temperature and the surface treatment. Analogous coirig. 6(@). For the as-implanted specimen, there is a layer
siderations apply to Figs.(4—21(d). peak at a concentration of 80" cm 2 and a depth of
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TABLE I. Fluorine specimens annealed at 950 °C. Amo@a} of the polysilicon layer regrown to single-crystal silicon and the integrated flu¢fhand
arsenic(As) doses in the layer and at the interface. The F and As integrated doses are also expressed as a percentage of the implanpahtedemses
F=1x10%cm 2 and As=1x10cm™2).

Anneal  Regrowth Fin layer F at interface F total As in layer As at interface As total
time of layer

® (%) em? % Cem?) %) (m?H )  Cem?) %) m?H %) (m?H (%)

0 0 1x10%% 100 © 0 1x 10 100 1x10'® 100 O 0 X 10 100

2 0 8.9 10 89  1.5x10% 15 9x 10'° 90 1x10® 100 O 0 1x10% 100

4 0 8.3x10' 83  2.0x10% 2.0 8.5x10% 85 1x10 100 O 0 1xX10'%% 100

10 <0.1 7.9<10%° 79  3.9<10% 39 8.3x10% 83 9.9x10¥ 99  1.4x10% 1.4 1x10% 100
60 3 6.5 101 65 1.0x10® 10 7.5<10% 75 8.6x10% 86 1.4x10% 14 1x10 100
120 40 5.5 10% 55  1.2<10%® 12 6.7 10'° 67 8.2x10% 82 1.8x10 18 1x10' 100
300 85 3.410'° 34 1.4x10% 14 4.8<10% 48 7.7 10% 77 2.2x10% 22 9.9x 10 99

45 nm. For a 2 s anneal, the peak concentration has d&IMS shows that fluorine arrives at the interface before 2 s
creased and the arsenic has penetrated further into the polgnd arsenic arrives between 4 and 1Fig. 7 and Table)l
silicon layer. For a 10 s anneal, the peak concentration habhe interface fluorine and arsenic doses subsequently in-
further decreased and some arsenic has reached the interfacesase with the arsenic dose becoming larger than the fluo-
where a small narrow peak occurs at a depth of 320 nnmrine dose after 30 s. These results indicate that the increase in
From 60 to 300 s the layer peak at 45 nm is replaced by #he oxide breakup of the F specimens is due to the fluorine
layer peak at 130 nm which increases to a concentration adcting initially on its own and subsequently in combination
5x 10?°cm 3. The interface peak increases to a concentrawith the arsenic. Although fluorine and arsenic concentra-
tion of 7x10?°cm™2 at 60 s and then remains constant. Fortions were only determined for 950 °C, it is likely that analo-
an anneal of 300 s, there is arsenic penetration into the urgous behavior occurs at 850, 1015, and 1065 °C.
derlying silicon wafer. These arsenic profiles can be ex- The oxide breakup sequence consists of a progressive
plained by standard arsenic diffusion behavior instructural change from a thin oxide sheet to an array of dis-
polysilicor?>~2° modified by arsenic segregation at the layercrete oxide particles. This is generally considered to be
fluorine inclusions and the interfacial oxide. driven by the progressive decrease in the total area of the
Fluorine and arsenic integrated doses for the interfacexide/silicon interface, and hence in the total oxide/silicon
and the polysilicon layer of the F specimens annealed anterfacial energy(here silicon means single-crystal silicon
950 °C are shown in Table I. The interface arsenic doses faand polysilicon. These structural changes in the oxide occur
the longer anneal times include the arsenic tails that extenddy bulk diffusion in both the oxide and the adjacent silicon
into the underlying silicon wafer. From 0 to 300 s, the inter-together with surface diffusion at the oxide/silicon interface.
face fluorine dose progressively increases from 0 to 1.4 We now suggest a number of mechanisms to explain
x 10'%cm™2, the layer fluorine dose progressively decreasesvhy the fluorine increases the breakup of the interfacial ox-
from 1x 10 to 3.4x10"°cm 2 and the sum of these two ide. These are based partly on mechanisms suggested previ-
doses progressively decreases fromx1D'® to 4.8 ously by other workers to explain the thermal oxidation of
X 10°cm~2. This progressive loss of fluorine from the silicon’®3C and partly on some of our previous interfacial
specimen, taken as the implanted fluorine dose of Joxide annealing resuls.
X 10*%cm™2 minus the sum of the interface and layer fluo-
rine doses, is considered to be due to fluorine gettering by
the oxide capping layer and possibly fluorine diffusion
through the interface oxide and into the silicon wafer. From
0 to 4 s the interface arsenic dose is zero, from 10 to 60 s it
increases rapidly from 12410 to 1.4x10%cm 2, and
from 120 to 300 s it increases slowly from 1.8 to 2.2
X 10"®cm 2. From 0 to 300 s, the layer arsenic dose pro-
gressively decreases fronx110'® to 7.7x 10°cm™ 2. There
is no significant loss of arsenic from the specimen. Figure 7
shows the fluorine and arsenic doses at the interface from 0
to 60 s.

950°C

—_
[9,]

-
o

o
o

Interface dose (x10"*/cm?)

IV. DISCUSSION

o
o

We first consider the F specimens and the roles played
by the fluorine and arsenic in the initial breakup of the inter- ;
facial oxide, which corresponds t90.1% polysilicon layer Time (s)

regrowth (first part Qf _st_a_ge 1 Upon annealing at 950°C, g 7. F specimens annealed at 950 °C. Integrated flu¢Finand arsenic
TEM shows that this initial breakup corresponds~+@0 s.  (As) doses at the polysilicon/silicon interface as a function of anneal time.

0 10 20 30 40 50 60
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First, fluorine is more electronegative than both oxygen 300s 120 60s
and silicor? and so fluorine readily breaks strained Si—O - x1w0”" ¥ ¥ Yo interface —
bonds. Hence, when fluorine is present in the interfacial ox- IE " - ‘2’:
ide, the long chains of SIO—Si arebroken by the fluorine IR -2 U U —— 10s
into shorter chains incorporating Si4Refs. 26, 29, and 33 g e oo
and possibly O—FRefs. 34 and 3bbonds. The creation of S oex10” WA\N_ . —y— 300s
these shorter chains would decrease the viscosity of the ox- *E .
ide at these temperatures and hence increase the rate at which g ax10” - .
the structural changes occur in the oxide. Second, the oxygen §
atoms in the oxide freed by the formation of the Si—F bonds 2 2x10° o
can diffuse to the oxide/silicon interface and oxidize the sili- § .
con there. This would increase the rate of oxide restructur- 2 \ {
ing. Third, fluorine present at the oxide/silicon interface 0 01 02 03 04 05
readily breaks Si—Si bonds at the interface to form Si—F depth (microns)

; P 36,37
bonds plus Si dangling bona%. Th.e latter bonds can FIG. 8. F specimens annealed at 950 °C. The SIMS arsenic concentration
capture oxygen atoriSand this would increase the rate of profiles of Fig. Gb) are replotted with a linear concentration scale. The
oxide restructuring. Fourth, fluorine present at the interfacialnterface and the average position of the polysilicon/silicon regrowth front
oxide can under some conditions cause the discrete oxice indicated by arrows for 60, 120, and 300 s anneals.
particles to form a band at the interfates viewed in cross
section®! rather than a planar array. It was suggested that

this behavior could be explained by fluorine increasing thecrease is greater for the polysilicon regrowth. Hence at the
diffusion of the oxygen in the silicon during the annealiig. higher temperatures, once the interface oxide has broken up
If such an increased oxygen diffusion occurred in the Fin one region, considerable regrowth will occur in that region
specimens of the present work, then this could also contribhefore any regrowth starts in the adjacent regions. A further
ute to the oxide restructuring. possible contribution is that, at the higher temperatures,

The initial polysilicon to single-crystal silicon regrowth |arger grains form in the polysilicon adjacent to the interface,
(second part of stage) hlso occurs faster for the F speci- i.e., more widely spaced grain boundaries occur, and this
mens. When regrowth starts, the silicon/polysilicon growthcauses the elastic strains and the arsenic concentrations along
front is pinned to the breaking up oxide at various placeshe interface to be less uniformly distributed. Consequently,
along the interface. As regrowth proceeds, the oxide structhe holes that arise in the interfacial oxide and the associated
ture coarsens, the number of pinning points decreases, amdgrowth regions that form occur at a smaller number of
the growth front becomes progressively unpinned. It is conplaces along the interface. Hence at the higher temperatures,
sidered that this initial polysilicon regrowth is faster for the F perpendicular rather than parallel regrowth occurs.
specimens mainly because the interfacial oxide breaks up With regard to the diffusion of fluorine and arsenic in the
faster. Once the growth front has become significantly unpolysilicon at 950 °C, some fluorine travels from the im-
pinned from the interfacial oxide, rapid epitaxial growth oc- planted fluorine peak to the interface a distahcef ~150
curs (stage 2 and this continues until the growth front be- nm in a timet of 2 s [Fig. 6@]. Use of the equatiom.?
comes pinned by the inclusions, surface pits, or impurities=2Dt then gives a value for the effective diffusivify of
swept to the surfacéstage 3. fluorine in polysilicon at 950 °C of-6x 10 **cn?s™*. This

The slowing down of the growth front when close to the is to our knowledge the first time a diffusivity value has been
layer surface, i.e., after approx 80%—90% regrowth, occurseported for fluorine in polysilicon. Some arsenic travels
for 950, 1015, and 1065 °C anneals. For 1015 °C, the slow=-200 nm in 10 s, giving an effective diffusivity at 950 °C of
ing down is similar for both the F and NF specimdiiég. ~2x10 cn?s 1. This can be compared with values at
1(g)] so pinning by fluorine does not seem to be responsibled50 °C in the literature of 10" **-1x 10 **cnfs 1.2 In
For the 950 °C F specimens, TEM showed that the slowingingle-crystal silicon the arsenic diffusivity increases when
down occurs upon going from 300 to 180Q0mot shown in  the free carrier concentration exceeds the intrinsic carrier
Fig. 1(f)]. No SIMS arsenic profiles were available for theseconcentrationn(i) at the diffusion temperaturé. This oc-
anneal times at 950 °C or for any time at the other anneaturs for all four of our temperatures, e.qi(i) is ~5
temperatures. Hence it is not possible to tell whether thex 10®cm 2 at 950 °C and the peak arsenic concentration is
arsenic had been swept into the surface region during re>1x 10?*cm 2 after implantation and>3x 10?°°cm™ 2 after
growth; if it had, pinning by arsenic could be responsible.10 s at 950 °C in our layerd-ig. 6). Hence our 950 °C value
Other impurities, e.g., oxygen which was shown by SIMS toat the high end of the range in the literature may be due to
be present in other polysilicon layers deposited using theéhe high peak arsenic concentration in our layers.
same equipment, could also be responsible. In order to reveal the arsenic diffusion behavior for the

Two types of regrowth occur, parallel for the 850 and 950 °C F specimens more clearly, the SIMS arsenic profiles
950°C specimens and perpendicular for the 1015 anih Fig. 6(b) are replotted using a linear concentration scale in
1065 °C specimens. A possible reason for this is that, alFFig. 8. From 10 to 60 s, the layer arsenic peak at a depth of
though both the rate of polysilicon regrowth and the rate o45 nm becomes smaller whereas the layer arsenic peak at
interfacial oxide breakup increase with temperature, the in130 nm becomes more pronounced, the arsenic concentra-
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tions in the lower part of the layer increase and the interfac@ABLE Il. F specimens annealed at 950 °C. Shown are the depths of the

arsenic dose increases. i.e.. arsenic is transferred from tﬁgges of the inclusions bands, the fluorine concentration at these depths, and
. o the widths of the inclusion bands.

upper to the middle and lower parts of the layer. From 60 ta

120 s, the arsenic concentration in the lower part of the layer Upper edge of inclusion Lower edge of inclusion

decreases whereas the layer arsenic peak at 130 nm becomes band band Width of

larger, i.e., arsenic is transferred back from the lower to thes,eq Fluorine Fluorine  inclusion

middle part of the layer. From 120 to 300 s, the arsenic tme Depth concentration Depth concentration  band

distribution changes but only by a small amount. s (nm) (em™) (nm) (em™) (nm)

The suggested reasons for the above are as follows. 4 30 5 5¢ 1019 235 2_ 6 10 205
From 10 to 60 s, arsenic diffuses down the polysilicon grain eg 40 5% 10 235 2-6x101° 195
boundaries to the interface. For a 60 s anneal, the polysilicon 120 60 ax 1012 230 2—®<1012 170
layer regrowth(average is 3% (see arrow in Fig. Band 300 85 5¢10" 240 2-6<10" 155

many of the grain boundaries still extend to the interface. For
a 120 s anneal, the regrowth is 40% and grain boundaries no

longer extended to the interface. Consequently, upon goingrofiles at a depth of 45 nififFig. 6@)], which corresponds to
from 60 to 120 s, the arsenic fast diffusion path down thethe depth of the main peak of the arsenic profiléig. 6(b)].
grain boundaries to the interface is progressively cutoff. Ar-For anneals of 60 s and longer, these fluorine shoulders and
senic continues to arrive at the interface but at a slower ratgrsenic peaks do not occur or are small. This suggests that
(Table ). The moving growth front sweeps some of the ar-there is an association between the fluorine and arsenic for
senic ahead of it from the lower part of the layer towards thenigh arsenic concentrations and so more fluorine is retained.
middle part. This arsenic is readily swept up in the lower partrhe mechanism for this may be that arsenic clusters form at
of the layer because there are no fluorine inclusions there tg depth of 45 nm and trap fluorine. This additional fluorine is
retain it. When this arsenic reaches the middle part of theesponsible for the shoulders and these arsenic/fluorine de-
layer, some of it segregates at the fluorine inclusions and thigects are more stable when the local arsenic concentration
gives the increased peak at 130 nm. For a 300 s anneal, thigig. 6(b)] is above or close to the 950 °C arsenic solubility
regrowth is 85%. However, the arsenic is not readily sweplimit in silicon of ~1x 10?*cm™3. Conversely, upon anneal-
from the middle to the upper part of the layer because mosig, the lower boundary of the inclusion band does not move
of it is retained by the fluorine inclusions, and so there issignificantly. The suggested reason is that the initiating de-
little further change in the arsenic distribution. The SIMSfects for the inclusions in this region are the ion implantation
fluorine profiles of the F specimefiBig. 6(a) ] show no evi-  end-of-range defects that are considered to be present imme-
dence of the sweeping of fluorine towards the surface as theiately beneath the amorphous/polysilicon interface which
polysilicon/silicon regrowth front moves. occurred at a depth of 175 nm. These defects may be more
With regard to the formation of the fluorine inclusions stable than the other initiating defects and so most of the
during annealing of the F specimens, it is considered thatjuorine in this region is retained.
due to the high concentrations of fluorine and arsenic and the  For these specimens, from the sizes and number densi-
large number of point defects present in the grains, smallies of the inclusions determined by TEMec. 1l A), the
clusters and complexes form in a band centered at a depth tftal volume of the inclusions in each band was calculated
~130 nm. Fluorine rapidly diffuses and is trapped by theseand converted to the total number of silicon vacancies, as-
defects and this initiates the fluorine inclusion band. Fluorinesuming that the inclusions were voids. This was then com-
is rapidly released and trapped by the fluorine inclusionspared with the total number of fluorine atoms in the band
The inclusions grow by Ostwald ripening but progressivelyobtained from the SIMS fluorine doses of Table I. For an-
lose fluorine to the interfacial oxide, the surface oxide capneals of 10, 60, 120, and 300 s, the silicon vacancy/fluorine
ping layer, and possibly also the silicon wafer. The SIMSatom ratios were-0.1, 1.1, 1.4, and 2, respectively. If most
profiles in Fig. &a) do not show fluorine at the oxide capping of the fluorine is in the inclusions, as seems likely, then these
layer because it was removed prior to the SIMS measureratios would indicate that the inclusions contain closely
ments. packed fluorine atoms. This suggests that the inclusions are
The TEM results showed that the position of the fluorinenot fluorine bubbles but could be fluorine precipitate
inclusion band depended on the anneal tifhable Il) and  particles.
the temperature. For 950 °C, the fluorine concentrations at Other workers have used TEM and transmission electron
the position of the upper boundary of the band, taken frondiffraction (TED) to investigate metals and semiconductors
the individual SIMS profiles in Fig. ®), were all in the implanted with high doses of rare gases and then annealed,
range of 4—5.5%10°cm™3, and at the lower boundary were e.g., copper, nickel, and gold implanted with"K(Ref. 39
all in the range of 2—& 10"°cm™2 (Table Il). Similar con- and aluminum and silicon implanted with X&° The ex-
centrations at the edges of the bands for all the times arperimental results directly showed that what had previously
characteristic of a precipitation process. been considered to be gas bubbles were crystalline particles
For these 950 °C F specimens, the upper boundary of ther liquid droplets of the implanted element, with the physical
band of fluorine inclusions moves deeper into the layer dustate depending on the temperature and internal pressure.
to progressive loss of fluorine from this region. For annealsThermodynamical calculations were in agreement with the
of 2 and 10 s, a pronounced shoulder occurs on the fluorinexperimental result® For the fluorine inclusions of the
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present work, TEM and TED examinations performed atTABLE IIl. Anneal times required to give 1% and 50% regrowth of the

room temperature did not reveal evidence of their Crysta”in_polysilicon layer for NF and F specimens for anneal temperatures of 850,
: . . : 950, 1015, and 1065 °C.
ity. However, the inclusions could be amorphous particles or

liquid droplets. Further work is required to clarify this. Anneal Anneal time(s)
With regard to the sheet resistance method, the times for temperature

the polysilicon layers to be mostly regrown for the 850, 950, Specimen 0 1% regrowth 50% regrowth
1015, and 1065°C F specimens were deduced from the nF 850 =28 800 ~28800
change in slope of the resistance curlfefgs. la)—1(d)] to NF 950 1800 >1800
be 9000, 80, 45, and 7 s, respectively. TEM showed that the =~ NF 1015 30 80
regrowths for these temperatures and times for the 850, 950, NF 1065 15 65
1015, and 1065 °C F specimens were 40%, 35%, 90%, and F 850 3600 17 000
95%, respectively. Hence for the two lower temperatures F 950 45 150
there is a discrepancy between the sheet resistance and TEM E igég g Zg

methods in determining the time at which the polysilicon
layer is mostly regrown. The reason for this discrepancy is
now considered.

For sheet resistivity measurements, the current flow is  For the 1065 °C F specimens, the inclusions have virtu-
mainly parallel to the specimen surface. For the 850 °C Rally no effect on slowing the growth front. Furthermore, the
specimens, as the regrowth proceeds, a channel of singleegrowth is so rapid that, upon going from 2 to 7(r®
crystal material parallel to the interface forrfizarallel re-  intermediate specimens were availabtae polysilicon com-
growth); this has a lower resistivity than the polysilicon layer pletely regrows. Consequently, the resistance decreases rap-
above and the silicon wafer below, so the sheet resistanddly from 2 to 7 s and slowly thereafter, so the resistance
decreases rapidly. However, when the regrowth is 40%, thenethod correctly predicts when the polysilicon is mostly re-
polysilicon/silicon regrowth front reaches the inclusion bandgrown.
and the inclusions significantly slow down the advancing  With regard to the effects of the initial wafer clean on
growth front, so the sheet resistance subsequently slowly déhe subsequent polysilicon regrowth behaviors, some pos-
creases. Consequently, the resistance method predicts ttgible mechanisms are as follows. For F specimens, the inter-
the polysilicon is mostly regrown when the regrowth is only facial oxide is broken up rapidly for both the HF cleg@hin
40%. For the 950 °C F specimens, similar behavior occurexide) and the RCA clear(thick oxide, so these surface
although the slowing of the growth front by the inclusions istreatments do not significantly affect the polysilicon layer
less pronounced. regrowth times(Fig. 5. Conversely, for NF specimens, the

For the 1015°C F specimens, the inclusions have littleoxide is broken up slowly and it takes longer for the thicker
effect on slowing the growth front, so a rapid decrease iIrRCA oxide than the thinner HF oxide, so for the RCA oxide
sheet resistivity corresponding to most of the regrowth rangéhe initial polysilicon regrowth starts later. In addition, the
might be expected. However, in many regions perpendiculaiarger volume of the RCA oxide present at the interface in-
regrowth occurs, so the current flow parallel to the specimerreases the time for the polysilicon/silicon growth front to
surface has to cross alternating regions of regrown and urbreak away from the oxide, so the initial regrowth also takes
regrown material. As annealing proceeds, the width of thdonger. From these results it follows for F specimens that any
regrown regions progressively increases, so the sheet resigriations that may be present in the initial interfacial oxide
tance progressively decreases. A regrown channel parallel thickness across individual wafers will not significantly af-
the interface and free from grain boundaries does not fornfiect the subsequent polysilicon regrowth or the polysilicon
until the polysilicon is mostly regrown. Consequently, the emitter bipolar transistor characteristics.
resistance method correctly predicts when the polysilicon is  From the bipolar point of view, the annealirigmitter
mostly regrown although the slope of the resistance curverive-in) conditions are often selected so as to use the lowest
changes gradually rather than abruptly. A more detailedhermal budget that will give a low emitter resistance. This
analysis of these parallel and perpendicular regrowth behawccurs when the interfacial oxide is partly broken up and the
iors will be reported at a later dat®. amount of epitaxial regrowth is-1% (Ref. 9 (case B, Sec.

TABLE IV. Anneal temperatures, deduced from the results of Table Ill, required to give 1% and 50% poly-
silicon regrowth for NF and F specimens for anneal times of 30, 300, and 3000 s.

Anneal temperature§C) required for Anneal temperature§C) required for
1% regrowth and 50% regrowth and
different anneal times different anneal times
Specimen 30s 300 s 3000 s 30s 300 s 3000 s
NF 1015 975 940 >1065 990 955
F 960 905 855 1000 935 880
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). Alternatively, a higher thermal budget is used to give afective diffusivities for fluorine and arsenic in polysilicon at
slightly lower emitter resistance and more reproducible de950 °C were deduced to be6 and~2x 10 cm?s™?, re-
vice characteristics, but a deeper junction. This occurs whespectively. The former is to our knowledge the first diffusiv-
the interfacial oxide is completely broken up and the amountity value reported for fluorine in polysilicon.
of epitaxial regrowth is~50% (case C, Sec,)l For the F specimens annealed at 850 and 950 °C, the
Various combinations of annealing temperature and timemount of polysilicon regrowth did not depend significantly
to give 1% and 50% regrowth for the NF and F specimenspn the thickness of the interfacial oxide, in contrast to our
taken from the TEM results of Figs(é—1(h) [and also from  previous resulfs for similar specimens without fluorine.
TEM results for 950 °C anneals from 300 to 1800 s not in-Hence, the introduction of fluorine into the polysilicon en-
cluded in Fig. 1f)], are given in Table Ill. From these data ables the same regrowth to be achieved independent of
the temperatures required for three different annealing timewhich initial wafer surface clean is used. It should also give
to give 1% and 50% regrowth for the NF and F specimengetter control of the amount of regrowth occurring and hence
were deducedTable IV). Errors for the temperatures in more reproducible polysilicon bipolar transistor characteris-
Table IV are estimated to be in the range®010—+20°C. tics because they will be independent of any local variations
These results show that for 1% regrowth and a 30 s anneah the oxide thickness on individual wafers and from wafer
the temperature decreases from 1015 °C for a NF specimen wafer. In all cases, for the F specimens compared with the
to 960 °C for a F specimen. For 50% regrowth and a 30 NF specimens, either a greater amount of polysilicon re-
anneal, the corresponding temperatures a®065 and growth occurred at the same temperature or the same amount
1000 °C. of regrowth occurred at a lower temperature. The decreases
in anneal temperature for particular anneal times when fluo-
rine was present were determined for 1% and 50% regrowth,
V. SUMMARY AND CONCLUSIONS two cases that are important for polysilicon emitter bipolar

LPCVD polysilicon layers were deposited 6100 sili- transistors. The significant decreases that resulted are impor-
con wafers, implanted with 210cm 2F" plus 1 tant for these kinds of transistors where lower thermal bud-

X 108As* and annealed at 850, 950, 1015, or 1065FC 9€ts are generally advantageous.

specimeng or similarly processed without the"Fimplant
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