SUPPRESSION OF OXYGEN PRECIPITATION IN HEAVILY DOPED
SINGLE CRYSTAL SILICON SUBSTRATES BACKGROUND OF THE
INVENTION [0001] The present invention generally relates to epitaxial
semiconductor structures, especially epitaxial silicon wafers used in the
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or a P-type dopant (P+) and an epitaxial layer which is lightly doped with
an N-type dopant (N-), wherein oxygen precipitation is suppressed in the
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processes for the fabrication of semiconductor electronic components, is
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grow into large oxygen clusters or precipitates. Depending upon their
theegtibatreleh precipitates can be beneficial or detrimental. When present
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device. When preésent outside these regions, oxygen precipitates may
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example, in' U.S. Patent No. 5,994,761 Falster et al, disclose a process for
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heat-treatment, oxygen precipitates form in the vacancy-rich regions but

FHANNAKKORICIERARRER IR SHUWAES PERRENB2HS3e DB Walsks, sliced from
SHRAOSPIBPEIRRSS JRoNN &) HOB-AItEeR Precipitating wafers are

prepared by rapid thermally annealing the wafers in an oxygen-containing
atmosmglol&@”g the thermal trealment cycles typically émployed in the
fabrication of electronic devices, oxygen precipitate nucleation centers may form
and ultimately grow into large oxygen clusters or precipitates. Depending upon
their location, such precipitates can be beneficial or detrimental. When present in
active device regions of the wafer, they can impair the operation of the device.
When present outside these regions, oxygen precipitates may serve as a gettering
site for metals.

[0004] Various approaches have been used to manage oxygen
precipitation behavior in wafers. For example, in U.S. Patent No. 5,994,761,
Falster et al. disclose a process for installing a non-uniform concentration of
vacancies in a wafer in a rapid thermal annealer whereby in a subsequent oxygen
precipitation heat-treatment, oxygen precipitates form in the vacancy-rich regions
but not in the vacancy-lean regions. In U.S. Patent No. 6,336,968, Falster
discloses a process in which non-oxygen precipitating wafers are prepared by

rapid thermally annealing the wafers in an oxygen-containing atmosphere or by
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slow-cooling the wafers through the temperature range at which vacancies
are relatively mobile. [0005] While these techniques have proven
useful, to-date, for typical silicon wafers, epitaxial wafer structures
comprising heavily doped substrates present somewhat different
challenges. For example, uncontrolled ox 6%?n precipitation in heavily
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therefore, ope aspect of the present jnvention is an_epitaxial silicon wafer
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EMBODIMENTS [0009] In accordance with one aspect of the present
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[6007] Briefly, therefore, one aspect of the present invention is an epitaxial

silicon wafer comprising a heavily doped silicon substrate that has a resistivity of
less than about 5 mQ*cm and is substantially free from oxygen precipitate nuclei.
The wafer also comprises an N- silicon epitaxial layer having a resistivity of
greater than about 100 mQ*cm.

[0008] Other objects and features of this invention will be in part apparent
and in part pointed out hereinafter.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[06009] In accordance with one aspect of the present invention, N-/N+ or N-
[P+ epitaxial silicon wafers may be prepared with improved oxygen precipitation
behavior and, as a result, a greater degree of control over diffusion of dopant (and
other impurities) from the heavily doped substrate into the more lightly doped, N-
epitaxial layer. In one embodiment, the resulting epitaxial wafers will not form

oxygen precipitates during a subsequent oxygen precipitation heat treatment (e .g.,



annealing the wafer at a temperature of 800 C for four hours and then at a
temperature of 1000 C for sixteen hours). I.Silicon Substrate [0010]
The starting material for the process of the present invention is a single
crystal silicon wafer that has been sliced from a single crystal ingot grown
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thaparatganefall0pedodigutaetoniherepntral axis; a circumferential edge;
and a radius extending from the central axis to the circumferential edge.
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used afHe2] Depending on the cooling rate of the single crystal silicon i ngot from
the melting point of silicon (about 1410 °C) through the range of about 750 °C to
about 350 "C, oxygen precipitate nucleation centers may form in the single crystal
silicon ingot from which the heavily doped wafer is sliced. The presence or
absence of these nucleation centers in the starting material is not critical to the
present invention. Preferably, however, these centers are capable of being
dissolved by the rapid thermal anneal heat-treatment of the present invention.
[0013] The silicon wafer is heavily doped wafer with one or more N-type or
P-type dopants. Typical N-type dopants include phosphorous and arsenic. in one
embodiment, the dopant is phosphorous. in another embodiment, the dopant is
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dopant. Regardless of the dopant(s), the total concentration of dopant(s)
is such that the wafer has a resistivity of less than about 5 mO*cm, such
wafers typically being referred to as N+ or P+ wafers. In one embodiment,
the dopant concentration is sufficient to provide the wafer with a resistivity
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Similarly, the resistivity values noted above correspond to a P-type dop
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on&preferred embodiment, the heavily doped wafer has N-type dopant(s) present

in a concentration greater than about 7.36 x 10'° at/cm?®. Similarly, the resistivity
values noted above correspond to a P-type dopant concentration that may be greater
than about 2.1 x 10'® at/cm?®. For example, the heavily doped wafer has

P-type dopant(s) present in a concentration greater than about 3.7 x 10" at/cm?®,
such as greater than about 5.7 x 10" at/cm>. In one preferred embodiment, the
heavily doped wafer has P-type dopant(s) present in a concentration greater than

about 1.2 x 10%° at/cm®.

1. Annealing Step

[0015] The heavily doped wafer is subjected to a heat treatment step to
cause dissolution of any pre-existing oxygen clusters and any pre-existing oxidation
induced stacking faults (OISF) nuclei. Preferably, this heat treatment step is carried
out in a rapid thermal annealer (RTA) in which the wafer is rapidly heated to a target
temperature, then annealed at that temperature for a relatively short period of time.
In general, the wafer is rapidly heated to a temperature in excess of 1150 °C,
preferably at least 1175 °C, typically at least about 1200 °C,



and, in some embodiments, to a temperature of about 1200 C to 1275 C.

The wafer will generally be maintained at this temperature for at least one
second, typically for at least several seconds (e.g., at least 3), and

potentially for several tens of seconds (such as between about 10 and
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entirely oxygen, the atmosphere will preferably contain a partial pressure
of oxygen of at least about 0.001 atmospheres (atm.), or 1,000 parts per
million atomic (ppma). More preferably, the partial pressure of oxygen in
the atmosphere will be at least about 0.002 atm. (2,000 pprna), still more
preferably 0.005 atm. (5,000 ppma), and still more preferably 0.01 atm.
(10,000 ppma). 5




B. Controlling the Cooling Rate [0020] Intrinsic point defects
(vacancies and silicon self-interstitials) are capable of diffusing through
single crystal silicon with the rate of diffusion being temperature
dependant. The concentration profile of intrinsic point defects, therefore, is
a function of the diffusivi% of the intrinsic point defects and the
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temperature dependant. The concentration profile of intrinsic point defects,
therefore, is a function of the diffusivity of the intrinsic point defects and the
recombination rate as a function of temperature. For example, the intrinsic point
defects are relatively mobile at temperatures in the vicinity of the temperature at
which the wafer is annealed in the rapid thermal annealing step, whereas they are
essentially immobile for any commercially practical time period below or at
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[0024] Conveniently, the cooling step may be carried out in the same
atmosphere in which the heating step is carried out. Suitable atmospheres
include, e.g., nitriding atmospheres (i.e., atmospheres containing nitrogen
gas (N2) or a nitrogen-containing compound gas that is capable of
nitriding an exposed silicon surface, such as ammonia); oxidizing
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the most flexible and cost effective methods for growing epitaxial layers on,
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Regardless of the doping method,_the resulting epitaxial layer has an .
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about 950 °C, and then held for a time period that is dependent upon the holding
temperature. For example, several seconds (e.g., at least about 2, 3, 4, 6 or
more) may be sufficient for temperatures near 1150 °C, whereas several minutes
(e.g., at least about 2, 3, 4, 6 or more) may be required for temperatures near
950 °C to sufficiently reduce the vacancy concentration.

[0023] Once the annealed wafer is cooled to a temperature outside the
range of temperatures at which crystal lattice vacancies are relatively mobile, the
cooling rate does not appear to significantly influence the precipitating
characteristics of the wafer and, as such, does not appear to be narrowly critical.
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X 10 at/cm , such as between about 4.3 x 10 at/cm and about 7.8 x10
at/cm. In one application, the N-type epitaxial layer has a dopant
concentration between 143163 about 4.4 x 10at/cm and about 1.9 x 10
at/cm . [0028] The epitaxial layer is doped, as described, with one or
more N-type dopants selected, for example, from the group consisting of
phosphorous, arsenic, and antimony. Typically, the N-type dopant will be
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anneal step is satisfied. Upon completing the anneal and epitaxial

formation, the cooling atmosphere, cooling rate, or both the cooling
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within about 15 microns of the silicon surface, more preferably from the center of
the silicon to regions of the wafer that are within about 10 microns of the silicon
surface, even more preferably from the center of the silicon to regions of the wafer
that are within about 5 microns of the silicon surface, and most preferably from the
center of the silicon to regions of the wafer that are within about 3 microns of the
silicon surface. In this context, a substantially uniform oxygen concentration shall
mean a variance in the oxygen concentration of no more than about 50%,
preferably no more than about 20%, and most preferably no more than about 10%.

V. Epitaxial Growth

[0026] An epitaxial layer is deposited or grown on a surface of the annealed
silicon wafer to an average thickness of at least about 5 um by means generally
known in the art to form the epitaxial silicon wafer. Typically, epitaxial growth is
achieved by chemical vapor deposition, because this is one of the most flexible
and cost effective methods for growing epitaxial layers on semiconductor material;
see, e.g., U.S. Patent No. 5,789,309. Doping of the epitaxial layer may take place
after or during the growth process. Regardless of the doping method,




[0031] In other variations of this embodiment, the cooling rate of the wafer
is controlled with or without controlling the cooling atmosphere.
Specifically, the cooling rate is controlled such that the average cooling
rate from the annealing temperature to the temperature at which
vacancies are practically immobile (e.g., about 950 C) is preferably no

the (RBHYIHARRIRNZSRRICHAR ANHIHErPRAYIFS FRUANHISRACOUPE (et
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Alternatively, the temperature may be reduced quickly (e.g., at a rate
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several seconds tg several minutes, depending upon the holding
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6 minutes or more may be required for temperatures near 950 C.
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annealing step described above. The grain boundaries of the polysilicon
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introducing,elements 8f the Present invention or the preferred
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heavily doped substrate, as "N+" or "P+" should be understood to also
dop?;@re toeglﬁggi?iggﬁw%ﬁﬁlgadgéing levels conventionally referred to as N++

and N+++ or P++ and P+++, respectively. [0035] In view of the above,
} %%15588/}}2% the several objects of the invention are achieved and

iLwil
Vi c}):;\éu%r vantageous results attained.

[0030] In one embodiment, the epitaxial layer is formed in conjunction with the
annealing step detailed above. In this embodiment, the epitaxial layer is formed
such that the duration of the anneal step is satisfied. Upon completing the anneal
and epitaxial formation, the cooling atmosphere, cooling rate, or both the cooling
atmosphere and rate are controlled as detailed above. That is, in one variation of
this embodiment, the atmosphere after the anneal and epitaxial layer formation is
an oxygen-containing atmosphere that is capable of oxidizing an exposed silicon
surface. Specifically, the atmosphere will preferably contain a partial pressure of
oxygen of at least about 0.001 atmospheres (atm), or 1,000 parts per million
atomic (ppma). More preferably, the partial pressure of oxygen in the atmosphere
will be at least about 0.002 atm (2,000 ppma), still more



[0036] As various changes could be made in the above products and
methods without departing from the scope of the invention, it is intended

that all matter contained in the above description and shown in the
accompanying drawings shall be interpreted as illustrative and not in a
limiting sense. MC SLLP WHAT IS CLAIMED IS: 1. A process for
prefeinRly A08pieia(SPRfraabI Nk sHWaRE Rigfprablsd drABRdiHy 000
BP ling a heavily doped single crystal silicon substrate at a temperature

of at least 1150 C to dissolve pre-existing oxygen precipitates, the heavily

doped Kfédh dnmihate paftignssiitl SraRodeedoRm sRdling rate of the wafer
fszeshralrid WatheAhBene HeBlipy ReccsohagkatvdasReAd Specifically, the

circumferential eg?gf{omlng the front'and back surfaces, the substrate
y

raQling satedie Ganrelreks4RB e itp-e¥Rrage geplRgirRafam rannealing
eifipsiaiakapandnerfioatsurtage oh e vipried hieayibcdensdisiicaie (e.g.,

substrate to form the epitaxial silicon wafer, the epitaxial layer comprisin
8RNtYPE depinprateraaling éﬂ%@éﬁﬁﬂ/?& &éﬁﬁ%ﬁb%@@?ﬁ@*@gﬁy no
Atte th&iPatpghe headly ioped siik@aiaHRRFalerERIMEN RORHEthan about

temperature to room temperature, wherein (i) the atmosphere of the

anfheBfh§atapds CHRIARES (NGHRRBRIMY RO S5 FOHced Ggthés 0., at a

eaeligegteptainaiada poifoReeonasiiratiempbyagaadesistimhedalt 1150 °C
ngt(j single crystal silicon substrate, the uniform concentration being
i

do .
RIEUsRERIRT ket 830gén BRECIBRAIAIITAPIRRRSHRRG NV SRseveral
Beabtkenigedleral minutes, depending upon the holding temperature. For

example, at least about 2, 3, 4, 6 seconds or more may be sufficient for
temperatures near 1150 °C, whereas at least about 2, 3, 4, 6 minutes or more
may be required for temperatures near 950 °C.

VII.  Polysilicon Layer

[0032] In one embodiment, a polysilicon layer is deposited on the backside
of the highly doped substrate prior to the annealing step described above. The
grain boundaries of the polysilicon layer serve as a gettering site for dopant. In
general, the polysilicon layer may be deposited by any means conventionally
known in the art. For example, the polysilicon layer may be deposited by
chemical vapor deposition using silane (SiH4) gas and arsenic doping, as more
fully described in U.S. Pat. No. 5,792,700 or 5,310,698.

[0033] Silicon structures manufactured according to this invention may be
used in various technologies. For example, the silicon structure of this invention is
suitabie for use in the manufacture of power devices, such as power diodes,
thyristors, and, in particular, power MOSFETs and JFETs. This listis in no way
intended to be restrictive or comprehensive.

[0034] When introducing elements of the present invention or the preferred
embodiments(s) thereof, the articles "a", "an", "the", and "said" are intended to
mean that there are one or more of the elements. The terms "comprising”,
"including", and "having" are intended to be inclusive and mean that there may be
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2. The process of claim 1 wherein the cooling step is carried out before
the depositing step. 3. The process of claim 2 wherein the atmosphere
in which the annealing step is carried out comprises oxygen. 4. The
process of claim 3 wherein the atmosphere comprises a partial pressure
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vacancies are practically immobile.
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9. The process of claim 2 wherein cooling the heavily doped silicon

substrate comprises cooling at a cooling rate greater than about 20 C per
second from the annealing temperature to a temperature of less than MCSLLE
about 1150 C but greater than about 950 C, and then holding the , .
substrate within this temperature range for at least about 2 seconds.

WHATd ProteSHOEERI®:9 wherein the heavily doped silicon substrate is
cooled to a temperature of about 950 C, at which it is held for at least

about 2 minutes. 11. The process of claim 1 wherein the heavily

doped silicpp,3ldlstigie, RAUBRAS SR AP SiAGRANY stal shitoh GPEPGRES

of claim 11 wherein the heavily doped silicon substrate comprises a
PHfFast KTdted%om the group consisting of P, As, and combinations

theregfnq%r@%ﬁ?@dﬂ?@d%ﬂ@%}?rﬁﬁzﬁﬂéM}(’B@b@iﬁ?@%}hﬁ%ﬂi’perawfm
0 ilic strate comprises.a P-type dopant. , . . The process o
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asgparksWwitFers the suhsHite Rawmg a resistivity of less than 5 mQ*cm;

depositing an N- silicon epitaxial layer on the front surface of the

annealed, heavily doped silicon substrate to form the epitaxial silicon wafer,
the epitaxial layer comprising an N-type dopant and having a resistivity of
greater than about 10 mQ*cm; and

cooling the heavily doped silicon substrate from the annealing
temperature to room temperature,

wherein (i) the atmosphere of the annealing step is controlled or (i) the
cooling rate is controlled during the cooling step to install a uniform
concentration of vacancies in the heavily doped single crystal silicon substrate,
the uniform concentration being insufficient to catalyze oxygen precipitation in
an oxidation precipitation heat-treatment.

2. The process of claim 1 wherein the cooling step is carried out before
the depositing step.

3. The process of claim 2 wherein the atmosphere in which the
annealing step is carried out comprises oxygen.

4. The process of claim 3 wherein the atmosphere comprises a partial
pressure of oxygen of at least about 1000 ppma.

5. The process of claim 2 wherein the cooling rate is no more than
about 20 "C per second from the annealing temperature to the temperature at

which vacancies are practically immobile.
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16. An epitaxial silicon wafer comprising: a heavily doped single

crystal silicon substrate that is a slice of an ingot grown by the Czochralski
method having a front surface, a back surface, and a circumferential eoﬁ%SLL@
joining the front and back surfaces; the substrate having a resistivity of

less than 5 mO*cm; and being substantially free of oxygen precipitate

nuclei; and an N- silicon epitaxial layer on the front surface of the

neaviy e slisonslsiee e SRRl e waler e
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WY P4 SORGSL ANE P SURBIIR I ARIBREISES an N-type dopant.  18. The

wafer of claim 17 wherein the heavily doped silicon substrate comprises a
dopant selected from the group consisting of P, As, and combinations

theredt. The Rodbsswatssainf ¢Iamr1a!ﬁqwﬂ?@@inébm@®é}byad@nﬂ@ silicon
substrate rlsesa 0. Th Waf

e dopant. of claim
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about 20 "C per second from the annealing temperature to the temperature at

which vacancies are practically immobile.

8. The process of claim 1 wherein the annealing step and the
depositing step are carried out in the same apparatus, the cooling step is
carried out after the depositing step, and the cooling rate is no more than
about 5 "C per second from the annealing temperature to the temperature at
which vacancies are practically immobile.

9. The process of claim 2 wherein cooling the heavily doped silicon
substrate comprises cooling at a cooling rate greater than about 20 "C per
second from the annealing temperature to a temperature of less than about
1150 "C but greater than about 950 “C, and then holding the substrate within
this temperature range for at least about 2 seconds.

10. The process of claim 9 wherein the heavily doped silicon substrate
is cooled to a temperature of about 950 "C, at which it is held for at least about

2 minutes.

11. The process of claim 1 wherein the heavily doped silicon substrate
comprises an N-type dopant.

12. The process of claim 11 wherein the heavily doped silicon

substrate comprises a dopant selected from the group consisting of P, As, and

combinations thereof.
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21. The wafer of claim 16 wherein the epitaxial layer has a resistivity of
between about 100 mO*cm and about 100 O*cm. 22. The wafer of

claim 16 wherein the heavily doped silicon substrate comprises a regioMCSl Lp
having a substantially uniform concentration of oxygen interstitial atoms )
that extends from the center of the wafer to a distance that is within about

15 microns of the surface of the wafer. 23. The wafer of claim 22

whereip t jally. L I Tole

ntersial Lot S A s e e e e e

covarsiesf @dintype dPRABin the substantially uniform region has a
concentration of oxygen interstitial atoms with a variance of no more than

about 10%. 25. The process of claim 1 wherein the epitaxial layer has
a resﬂs‘ﬁvi@"Sfde@&ﬁ?r %Qk%aat%%%?%ﬂIYeggﬁﬁﬂﬁ'ﬂ@P@*cm.

s@ifstiEhe poogeiseofctiupait whiextitthersubstipdehas msististivity ollesa,
out 3 miQ*cm 27. The process of claim 1 wherein the
aé%i%tra EH %gng%élrgt?\fmy of less than about 2 mO*cm. 28. The
process of claim 1 wherein the substrate has a resistivity of less than

about & MY Hocess of claim 1 further comprising depositing a layer of
polysilicon on the back surface of the heavily doped single crystal silicon
substrate before the annealing step.

16. An epitaxial silicon wafer comprising:

a heavily doped single crystal silicon substrate that is a slice of an ingot
grown by the Czochralski method having a front surface, a back surface, and a
circumferential edge joining the front and back surfaces; the substrate having a
resistivity of less than 5 mQ*cm; and being substantially free of oxygen precipitate
nuclei; and

an N- silicon epitaxial layer on the front surface of the heavily doped silicon
substrate forming the epitaxial silicon wafer, the epitaxial layer comprising an N-

type dopant and having a resistivity of greater than about 10 mQ*cm.

17. The wafer of claim 16 wherein the heavily doped silicon substrate
comprises an N-type dopant.

18. The wafer of claim 17 wherein the heavily doped silicon substrate
comprises a dopant selected from the group consisting of P, As, and

combinations thereof.

19. The wafer of claim 16 wherein the heavily doped silicon substrate

comprises a P-type dopant.
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MCSLLP 29. The process of claim 1 wherein the epitaxial wafer is

capable of not forming oxygen precipitates during a subsequent oxygen
precipitation heat treatment. 30. The process of claim 39 wherein t%CSLL@
subsequent oxygen precipitation heat treatment includes annealing the '
wafer at a temperature of 800C for four hours and a temperature of 1000C

for sixeer owaler of 8laiMhOwdferedf theitmedily liereda Bikcopitarkialrkger

iStivi f *CI t Oo*cm.
o A R o S B s, R A
cempingiins3haeedm.  33. The wafer of claim 16 wherein the substrate

has a resistivity of less than about 2 mO.cm. 34. The wafer of claim 16
wherein t?r% substrate has a resistivity of less than about 1 mO.cm.
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bewygen gisecipiGies Qo adsabeaaENDoxygen precipitation heat
treatment. 36. The wafer of claim 35 wherein the subsequent oxygen

precipitation heat treatment includes annealing the wafer at a temperature
of 80@€. fdhtowiafryotdmicha fewipeeitutieedfee0dp ddpedistiem soibstrate

comprises a region having a substantially uniform concentration of oxygen
interstitial atoms that extends from the center of the wafer to a distance that is
within about 15 microns of the surface of the wafer.

23. The wafer of claim 22 wherein the substantially uniform region has a
concentration of oxygen interstitial atoms with a variance of no more than about
50%.

24. The wafer of claim 22 wherein the substantially uniform region has a
concentration of oxygen interstitial atoms with a variance of no more than about

10%.

25. The process of claim 1 wherein the epitaxial layer has a resistivity of
greater than about 300 mQ-cm and less than 10 Q-cm.

26. The process of claim 1 wherein the substrate has a resistivity of less
than about 3 mQ-cm.

27. The process of claim 1 wherein the substrate has a resistivity of less
than about 2 mQ-cm.

28. The process of claim 1 wherein the substrate has a resistivity of less

than about 1 mQ-cm.
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MCSLLP

29. The process of claim 1 wherein the epitaxial wafer is capable of not
forming oxygen precipitates during a subsequent oxygen precipitation heat
treatment.

30. The process of claim 39 wherein the subsequent oxygen precipitation
heat treatment includes annealing the wafer at a temperature of 800 °C for four
hours and a temperature of 1000°C for sixteen hours.

31. The wafer of claim 16 wherein the epitaxial layer has a resistivity of
greater than about 300 mQ-cm and less than 10 Q-cm.

32. The wafer of claim 16 wherein the substrate has a resistivity of less
than about 3 mQ-cm.

33. The wafer of claim 16 wherein the substrate has a resistivity of less
than about 2 mQ-cm.

34. The wafer of claim 16 wherein the substrate has a resistivity of less

than about 1 mQ-cm.

35. The wafer of claim 16 wherein the epitaxial wafer is capable of not
forming oxygen precipitates during a subsequent oxygen precipitation heat

treatment.
36. The wafer of claim 35 wherein the subsequent oxygen precipitation

heat treatment includes annealing the wafer at a temperature of 800 °C for four
hours and a temperature of 1000°C for sixteen hours.
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