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CONTAMINATION REMOVAL AND MINORITY
CARRIER LIFETIME IMPROVEMENT IN SILICON
BACKGROUND OF THE INVENTION
This invention relates to silicon and silicon wafers
5 used in the manufacture of semiconductor devices and to a
process for improving the minority carrier recombination
lifetime ih silicon by reducing iron contamination.
The minority carrier recombination lifetime and
minority carrier diffusion length of a silicon body are
10 related and are, therefore, sometimes referred to
interchangeably. In p-type silicon, minority carrier
diffusion length and minority carrier recombination
lifetime are related according to the following

- expression: L; =.((Dn)(1:n))"'5 wherein L; is the minority

15 carrier diffusion length in centimeters, D, is the
electron diffusion coefficient, taken to be 35 cmﬁ/sec,
and t; is minority carrier recombination lifetime in
seconds. In n-type silicon, minority carrier diffusion
length and minority carrier recombination lifetime are

20 related according to the following expression: Ly =
((Dp)(tp))ms wherein L; is the minority carrier diffusion
length in centimeters, Dp is the hole diffusion

) ~coefficient, taken to be 12.5 cml/sec, and t, is minority

carrier recombination lifetime in seconds.

25 : Various techniques may be used to measure the
minority carrier recombination lifetime (or minority
carrier diffusion length) of a silicon wafer and :
typically involve injecting carriers into a wafer sample
by means of a flash of light or voltage pulses and

30 observing their decay. One process for measuring
minority carrier recombination lifetime is the surface
photovoitage (SPV) technique describedvid Zoth and
Bergholz, J. Appl. Phys., 67, 6764 (19901}_
Alternatively, diffusion length may be measured using an
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and diffusion length images can be generated. See, e.g.,

H. Foell et al., Proc. ESSDERC Conference, Berlin 1989,

p. 44. The calculated diffusion length values are

readily converted to minority carrier recombination

10 lifetime values using the formulas above.
As integrated circuit technology advances and the

Sowe

size of electrical devices continues to decrease, the
need to impose tighter limits on metallic contamination
continues to increase. Metallic contamination in silicon

1§ such as a silicon wafer causes a reduction of the
minority carrier recombination lifetime and results in
spurious electrical current leakage in electrical devices
incorporating the silicon. Spurious electrical current
leakage paths occur at metallically contaminated point

20 defect sites in the vicinity of electrical junctions
within the device or sub-device cell structure, or
through leakage paths in the oxides used as field effect
gates of isolation structures. Both paths are

) deleteriously increased in size when the silicon is

| 25 contaminated with metals such as iron, copper, nickel,
chromium, and titanium. '

_Gettering techniques have been used in an effort to
reduce or- eliminate metallic contamination in silicon
wafers. Such techniques involve the introduction of

30 defect sites into silicon wafers at locations which do
not disturb the functioning of electronic devices
fabricated in the wafer. For example, defects have been
introduced to the backsurface of the wafer (external
gettering) and by allowing oxygen to precipitate in the

35 bulk of the wafer but not near the surface (internal
gettering).



Various techni‘ques may be used to neasure the mnority carrier

r econbi nati on Ilfé&uﬁbe HnBWWﬁ@mmmy carrier diffusi QHﬁgS :' silicon

waf er and typicall y ug | ng carriers intofa'n Es#ﬁﬁlﬁﬂmy nmeans
|

of. a flash of Iight | ses and observi nglt hei rRERb4gsp One
process for neasurlng n1nor y carrier reconbination life
surface photovol tage (SPV) techni que desgyibed in Zoth and Berghol z, J.
Appl . Phys., 67, 6764 (1990). Alternatively, diffusion Iength may be

measured using an  Although 9%9&668dind techniques have been useful in
preventing fast diffusing metals such as copper and
nickel from actively participating in recombination
processes in those areas containing electronic devices,

S such techniques have not been particularly effective for
metals such as iron, chromium and titanium, which are
relatively slow diffusing as compared to copper and
nickel. Additionally, the defects introduced into
silicon as gettering sinks can themselves reduce the

10 quality of silicoﬂ, for example, by reducing minority
carrier recombination lifetime. As a practical matter,
therefore, industry has to date had little choice but to

s

identify and eliminate to the extent possible sources of
iron, chromium and titanium, particularly iron,

15 contamination. Such an approach, however, is becoming
increasingly costly as it becomes necessary to achieve
ever decreasing levels of iron contamination; the
manufacture of silicon wafers and devices having silicon
components inclﬁdes many steps and potential sources of

20 contamination which must each be carefully examined and
controlled.

SUMMARY OF THE INVENTION
\ : Among the several objects of the invention may be

noted the provision of a process for improving the

25 quality of silicon; the provision of a process for
reducing the concentration of iron in the bulk of silicon
bodies, in general, and silicon wafers, in particular;
the provision of such a process which does not unduly
increase the cost or complication of the silicon wafer

30 manufacturing process; the provision of such a process
which does not introduce defects into silicdn wafers; and
the provision of such a process which results in
significant increase in the minority carrier
recombination lifetime of silicon wafers.
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Briefly, therefore, the present invention is

directed to a process for increasing the minority carrier
recombination lifetime in a silicon body contaminated
with a metal selected from the group consisting of iron,

5 chromium, cobalt, manganese, zinc and vanadium. The
silicon body is stored at a temperature and for a period
sufficient to cause a sufficient amount of iron to
diffuse from the bulk of the silicon body to the surface
of the silicon body to measurably increase the minority

10 carrier recombination lifetime of the silicon body. The
storage period is at least about 48 hours.

BRIEF DESCRIPTION OF THE DRAWVINGS
Fig. 1 is a plot of data for 625 micron thick, 150
mm diameter, CZ silicon wafers stored at 280°C for
15 varying lengths of time in accordance with this
invention. On the vertical axis are the wafers' minority
carrier recombination lifetimes in microseconds; on the
horizontal axis are the storage periods in hours.
Fig. 2 is a plot of data for 1400 micron thick, 150
20 mm diameter, MCZ silicon wafers stored at 400°C for
varying lengths of time in accordance with this
invention. On the vertical axis are the wafers' minority
) carrier recombination lifetimes in microseconds; on the
horizontal axis are the storage periods in hours.

25 DETAILED DESCRIPTION OF THE INVENTION _

As used herein in connection with a body of silicon
such as a silicon wafer, the terms minority carrier
recombination lifetime and minority carrier diffusion
length shall mean the average minority carrier

30 recombination lifetime and average minority carrier
diffusion length for the entire body.

It has been discovered that the minority carrier
recombination lifetime of silicon wafers can be increased
by decreasing the average concentration of iron using the
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p? typically have an average minority carrier recombination

lifetime of less than about 200 microseconds and an
average iron content in the range of about 101 to 10l
atoms/cm3. Using the process of the present invention,
‘iron concentrations less than 1010 atoms/cm3'and
10 preferably less than about 5 x 10° atoms/cn@ can be
achieved with a corresponding measurable increase in the
) minority carrier recombination lifetime.
The process of the present invention can be used to
increase the minority carrier recombination lifetime of a
15 body of silicon regardless of the manner in which that
body was prepared and independently of the body's
lifetime prior to processing in this manner, provided the
lifetime is limited at least in part by iron
contamination. The minority carrier recombination
20 lifetime can be increased by such measurable amounts as
100, 200, or several hundred microseconds and more,
thereby resulting in a 25%, 50%, 100X or greater
improvement in minority carrier recombination lifetime.
Accordingly, the minority carrier recombination lifetime
25 of wafers having lifetime of about 200 microseconds may
be increased to several hundred microseconds, at least
about 500 microseconds, or even a millisecond or longer.
In accordance with this process, a siliéon body such
as a silicon wafer is stored for an extended period of
30 time at an elevated temperature. Selection of an
elevated temperature and length of storage for a given
silicon body requires balancing several considerations.
Because the diffusivity of iron increases with increasing
temperature, a storage temperature should be selected at
35 which the diffusion coefficient of iron is sufficiently
great to permit substantial amounts of iron to diffuse
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from the bulk to the surface of the wafer in a REPLACENMENT
commercially practical storage period. Accordingly, the
storage temperature is at least about 200°C, preferably

at least about 225°C, more preferably at least about

250°C, still more preferably at least about 300°C and

most preferably at least about 350¢C.

The solubility of iron in silicon, however, also
increases with increasing temperature. Specific values
for solubility are in some doubt, but some generally
accepted data have been provided by Weber, Appl. Phys.,
A30, 1 (1983). 1It is desirable to keep the storage
temperature sufficiently low in order to reduce the
amount of iron which would be soluble in solid solution
at equilibrium. In general, therefore, it is preferred
that the storage temperature not exceed about 550°0C, more
preferably not exceed about 5000C, still more preferably
not exceed about 3900C, and most preferably not exceed
about 3500C.

The particular storage temperature selected is also
affected by the oxygen content and manner of preparation
of the silicon. Single crystal silicon grown by standard
Czochralski ("CZ") techniques or by the CZ technique in
the presence of a cusped magnetic field typically has an
oxygen content dbetween about 14 and about 20 parts per
million atomic (“ppma") as determined by ASTM Standard
F121-83. Significantly, in silicon containing more than
about 10 ppma of oxygen undesirable types of
oxygen-related defects sometimes referred to as "thermal
donors" are formed in the temperature range between about
4000C and 500°C. Thus, wafers héving an oxygen content
greater than about 10 ppma are preferably stored at a
temperature less than about 400°C, more preferably at a
temperature less than 390°C, still more preferably at a
temperature less than 380°C, and most preferably at a
temperature of about 350°C. In contrast to conventional
CZ silicon, single crystal silicon grown'by the float
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other techniques being developed, may have an oxygen
content below about 10 ppma. Such low oxygen silicon may
5 tolerate storage temperatures between about 400°C and
about 500°C without significant risk of producing
oxygen-related defects.
The length of the storage period should be
sufficient for the diffusion of significant amounts of
10 iron from the bulk of the silicon to its surface. Where
the silicon body is a wafer, for instance, the wafer bulk
) is of concern because improvements in minority carrier
recombination lifetime are achieved by reducing iron
concentration not just at the surface of the silicon, but
15 by reducing iron concentration deep within the bulk of,
and even entirely throughout, the silicon wafer. The
bulk of the wafer is also of concern because unless iron
content ié reduced in regions within the wafer
significantly beneath its surface, iron may remain in
20 regions of the wafer where it is available to diffuse
toward the device region of the wafer upon exposure to
increased temperatures during subsequent device
manufacturing operations.
To improve minority carrier recombination lifetime
25 in a silicon wafer and to reduce the risk of diffusion of
iron from the central regidns of the wafer to critical
regions during subsequent operations, therefore, iron
from regions of the wafer bulk at distances from the
wafer surface greater than 10X of the wafer thickness is
30 caused to diffuse to the wafer surface. For example, to
improve minority carrier recombination lifetimes in a
silicon wafer having a thickness of at least 100 micromns,
iron, from regions of the wafer bulk at distances more
than 10 microns from the front and back side of the
35 wafer, is caused to diffuse to the surface. Preferably,
iron from regions of the wafer bulk at distances from the

—
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silicon wafers,sirface tgnrdter, than 30% of the wafer thickness, and most
preferably from the entire thickness of the wafer, is
5 caused to diffuse to the surface. The required length of
storage period to achieve such diffusion depends on
numerous factors, including the thickness of the wafer,

the storage temperature, and the amount of iron to be

removed from the wafer. In general, storage periods
10 which have been found to be sufficient are at least about
2 days, preferably at least about 4 days, more preferably
at least about 7 days, and most preferably at least about
- 10 days.
Optimally, the storage period is incorporated in the
15 sequence of conventional silicon processing operations
which are known to those in the art. Descriptions of the
these operations may be found in, for'example, F.
Shimura, Semiconductor Silicon Crystal Technology,
Academic Press, 1989, and Silicon Chemical Etching, (J.
20 Grabmaier ed.) Springer-Verlag, New York, 1982
(incorporated herein by reference), and may include
crystal growing, wafer slicing, shaping, thermal donor
annealing, etching and polishing. It is preferred that
this storage period occur prior to final polishing, but
25 after operations, such as thermal donor annealing, during
which there is a significant potential for further iron
contamination. Due to the position of this storage
period within the wafer manufacturing sequence, and due
to its effectiveness in reducing metal contamination, the
3o need for the suppression of contamination sources in
operations preceding'the storage period is markedly
reduced. Much of the complication and expense of making
silicon wafer manufacturing and handling operations
ultra-clean can therefore be avoided. Furthermore, the
35 introduction of metal contamination into wafers can be
tolerated, though it is still preferably avoided, to a
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significantly greater extent than in the absence of this
process because such contamination is subsequently
removable as described herein.
At the conclusion of the storage period, iron which
5 has diffused from the bulk of the wafer to the wafer
surface may be removed by techniques which may include
cleaning, polishing, etching or combinations thereof.
Such operations are well known in the art and are
described, for example, in F. Shimura, Semiconductor
10 Silicon Crystal Technology, Academic Press, (Chapter
5.5), 1989 (incorporated herein by reference). Cleaning
) may be accomplished by the widely used RCA cleaning
treatment method as described in detail, for example, in
Chapter 5.5 and Appendix XII of Shimura. Polishing is
15 conventionally accomplished by chemomechanical processes
in which the surface to be polished is brought into
contact with an absorbent pad onto which is flowed an

abrasive slurry. Etching solutions are also well known
in the art, including those containing combinations of

20 hydrofluoric, nitric and acetic acid. The surface layer
containing the diffused iron to be removed by one or more
of these techniques is generally on the order of a few
microns or less in thickness.

The following examples further illustrate the
25 operation of the invention.

EXAMPLE 1
A silicon wafer was sliced from a single crystal

silicon ingot prepared by the Czochralski crystal growing

technique. The wafer's thickness and diameter were 625
30 microns and 150 millimeters, respectively. The average

minority carrier recombination lifetime of the wafer was

determined by ELYMAT measurement to be about 61

microseconds. The average iron content of the wafer was

estimated to be 2.9 x 10! cm}. The wafer was then placed
35 in a quartz boat and stored in a Gallenkamp 300 plus
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air. The wafer was allowed to cool and determined by
ELYMAT measurement to have an average minority carrier
recombination lifetime of about 115 microseconds. The
5 average iron content was estimated to be about 1.6 x 10lt
cem?. The minority carrier recombination lifetimes of 61
and 115 microseconds before and after storage,
respectively, are plotted in Fig. 1. Also plotted in
Fig. 1 are minority carrier recombination lifetime values
- 10 for similar wafers stored for periods between 0 and 980
hours. The solid line plotted in Fig. 1 is an estimate
) of the increase in minority carrier recombination
lifetime expected over time for a similar wafer stored at
350ecC. '

15 EXAMPLE 2
A silicon wafer was sliced from a single crystal

silicon ingot prepared by the Czochralski crystal growing
technique in the presence of a8 transverse magnetic field.
The wafer's thickness and diameter were 1400 microns and

20 150 millimeters, respectively. The average minority
carrier recombination lifetime of the wafer was
determined by ELYMAT measurement to be about 65
microseconds. The average iron content of the wafer was
estimated to be 2.8 x 10! cm}. The wafer was then placed

25 in a quartz boat and stored in a quartz tube furnace at a
temperature of 400°C for 1350 hours in atmosphere of N;.
The wafer-was allowed to cool and determined by ELYMAT
measurement to have an average minority carrier
recombination lifetime of about 717 microseconds. The

30 average iron content was estimated to be about 2.5 x 1010
cm?., The minority carrier recombination lifetimes of 65
and 717 microseconds before and after storage,
respectively, are plotted in Fig. 2. Also plotted in
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EXAMPLE 3
5 A silicon wafer was sliced from a single crystal

silicon ingot prepared by the Czochralski crystal growing
technique in the presence of a transverse magnetic field.
The wafer's thickness and diameter were 1400 microns and
150 millimeters, respectively. The average minority
10 carrier recombination lifetime of the wafer was
determined by ELYMAT measurement to be about 280
microseconds. The average iron content of the wafer was
estimated to be 4.6 x 10 cm?. The wafer was then placed
in a quartz boat and stored in a quartz tube furnace at a
1§ temperature of 400°C for 1350 hours in atmosphere of N,.
The wafer was allowed to cool and determined by ELYMAT
measurement to have an average minority carrier
recombination lifetime of about 1111 microseconds. The
average iron content was estimated to be about 1.6 x 1010
20 cm?. The minority carrier recombination lifetimes of 280
and 1111 microseconds before and after storage,
respectively, are plotted in Fig. 2. Also plotted in
Fig. 2 are minority carrier recombination lifetime values
for similar wafers stored for periods between 0 and 1350
25 hours.

EXAMPLE 4

A silicon wafer was sliced from a single crystal
silicon ingot prepared by the Czochralski crystal growing
technique in the presence of a transverse magnetic field.

30 The wafer's thickness and diameter were 1400 microns and

150 millimeters, respectively. The average minority
carrier recombination lifetime of the wafer was
determined by ELYMAT measurement to be about 515
microseconds. The average iron content of the wafer was
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estimated to be 3.5 x 1 cm™,

ol0 The wafer was then placed

in a quartz boat and stored in a quartz tube furnace at a
temperature of 400°C for 1350 hours in atmosphere of N,.
The wafer was allowed to cool and determined by ELYMAT

5 measurement to have an average minority carrier
recombination lifetime of about 1770 microseconds. The
average iron content was estimated to be shout 1 x 10%0
cm. The minority carrier recombination lifetimes of 515
and 1770 microseconds before and after storage,

10 respectively, are plotted in Fig. 2. Also plotted in
Fig. 2 are minority carrier recombination lifetime values
for similar wafers stored for periods between 0 and 1350

hours.
This process has been described in connection with
15 single crystal silicon wafers which are the starting

material for the manufacture of electronic devices. It
is contemplated, however, that the process is equally
applicable to the control of contamination in polysilicon
bodies, in finished or nearly finished silicon-based

20 electronic devices themselves, and in semiconductor
devices which include bodies of silicon. 1In particular,
through the application of the storage times and
temperatures described above, a reduction of bulk
contamination and improvement of minority carrier

25 diffusion length and minority carrier recombination
lifetime in the silicon substrate on which electronic
devices are manufactured can be achieved. In certain
devices, the surface to which iron is caused to diffuse
may be an interface within the device rather than a

30 surface on the exterior of the device. Such processing
may, in certain cases, result in a significant
improvement of the device performance.

One particular electronic device which could benefit

from being processed in accordance with this invention

35 are photovoltaic, or solar, cells. Because the minority
carrier diffusion length of the silicon in such devices
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carrier recom@ggg.qnqqq1tgg @@dopﬁathe manufacturing sequence of a
photovoltalc cell, preferably after the last thermal
5 treatment above 5500C, the cell would be stored at a
temperature and for a time as described above.
Advantageously, such temperatures might be achieved by
passive solar heating, thus keeping the costs of such
storage relatively low. 1Iron from regions of the wafer

10 bulk at distances from the wafer surface greater than 10%
of the wafer thickness, preferably from regions at
) distances from the wafer surface greater than 30% of the

wafer thickness, and most preferably from the entire
thickness of the wafer, would thereby be caused to

15 diffuse to the surface. After treatment, however, no
etching or polishing of the surfaces to which the iron
had diffused would be possible. 1Iron would remain at the
surface of the silicon, or at an interface between the
silicon and a surface layer, where it would not

20 significantly reduce the minority carrier diffusion
length of the silicon bulk. Furthermore, significant
quantities of the diffused iron would not be expected to
diffuse back to regions in the silicon where it would be
detrimental to minority carrier diffusion length because

25 the cell would not thereafter be subjected to
temperatures high enough to cause such diffusion.

It should also be noted that this invention includes
increasing the minority carrier recombination lifetime
through the control of transition metal contaminants

30 other than iron. 1Iron contamination is given primary
consideration in the foregoing description due to its
ubiquitous nature in silicon processing and its
prevalence among detriments to minority carrier
recombination lifetime., It is within the skill of the

35 art to control other silicon contaminants having known
physical properties which render them subject to



“body of silicon rega%d+ess~e$ +He—manner in which that body was prepared
and i ndependent |y of ThisRBee agiéeeike l;cgél me prior to processing in this
manner, provided t he mted at |east i [ Lo
contam nation. The m mﬂﬂmmlmﬁ reconbi nation lfi feti aerS)QEj_:,@ reased
by such neasurable a 200, or several Fﬁﬁafnoseco ds and
more, thereby resulting in a 25% 50% 440% or greater inprovemeft-—i. :
mnority carrier reconbination lifetime. Accordingly, the mnority carrier

reconbi nati on dilffifigidn andm‘f ¥imilad rendiftdlon®e aef izbayt wA@hni cr oseconds
may be |ncreased several. ggred gb&{gﬁF nds,. .at | east abgut 500

m cr oseconds, éﬁ n3 A%9 | e glllcPH ¢ SPH 8 with this
process, a sHSunhwﬂmaﬂpnﬁiﬂnamatakydqnnaminﬂnns|xﬂcﬂndee@htomlan.extended

period of ting a)aq( 213 Sl q,}éaag‘eecget erge cata‘ﬂfdevaﬁpald‘?ﬁ{d on of an el evated

tenperature an ndt h torage m

5 Althaugh specific examples of the present invention
and its application are set forth it is not intended that
they are exhaustive or limiting of the invention. These
illustrations and explanations are intended to acquaint
others skilled in the art with the invention, its

10 principles, and its practical application, so that others
) skilled in the art may adapt and apply the invention in
its numerous forms, as may be best suited to the
requirements of a particular use. '



"silicon body requires bal ancin /er a con5|derat|ons Because the
diffusivity of iron |ncrrulﬂﬁwaL sing tenperature, a storage
tenperature should be se he -di f fusion coefficient of iron
Ls sufficiently great to pern1t sdbstantlal anounts of iron to diffuse

REPLACENMENT SHEET
| is F SHEET HAS EEEN!

REPLACED

Claims ' s T
WHAT 1S CLAIMED IS:

1. A process for increasing the minority carrier
recombination lifetime in a silicon body contaminated
with a metal selected from the group consisting of iron,
chromium, cobalt, manganese, zinc and vanadium, the

5 process characterized in that the silicon body is stored
at a storage temperature and for a storage period
sufficient to cause the metal to diffuse from the bulk of
the silicon body to the surface of the silicon body to

) measurably increase the minority carrier recombination
10 lifetime of the silicon body, the storage period being at
least about 48 hours.

2. A process for increasing the minority carrier
recombination lifetime in a silicon body component of a
photovoltaic cell, which silicon body is contaminated
with a metal selected grom the group consisting of iron,

5 chromium, cobalt, manganese, zinc and vanadium, the
process characterized in that the silicon body is stored
at a storage temperature and for a period sufficient to
cause the metal to diffuse from the bulk of the silicon
body to the surface of the silicon body to measurably

10 increase the minority carrier recombination lifetime.

3. A process for increasing the minority carrier
recombination lifetime of a silicon wafer contaminated
with iron characterized in that the wafer is stored at a
storage temperature and for a period sufficient to cause
5 iron from regions of the wafer bulk at distances from the
wafer surface greater than 10% of the wafer thickness to
diffuse to the surface, and the diffused iron is removed
from the surface of the wafer, the storage temperature
being insufficient to produce oxygen-related defects in
10 the silicon but at least about 2009C.

————
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‘fromthe bulk to the surface- ~comercially practica

storage peri od. Accordlngly T rature is at | east about
200[ err] C, preferabl y at |ea l“mm'lﬂjameﬁ , nore st
about 250[err]C, still nore preferablywnats | east about

preferably at |east about 350[err] C The sol ubi Ifi ty oREPKADEDI n
silicon, however, also increases with iRgreasing tenperature. '
values for solubility are in some doubt, but sonme generally accepted data
have been provided py Vherprdddss F0y61 2103 wHe #dH8Rhe | wafer dBsi rabl e to
keep the storagg tggperature suff|C|entI% Iom1|n o der to_ reduce the anount
of iron which 3B2FEC RL B 3HPEAES LYPRYF LR OB i PFHIPEM In -
general , thereéafﬁ;ciéntst@reﬁwseeﬂrbﬂafr¢meregiuwgeofenpernaﬂee bwlkexceed

about 550[err] y. £e @g¥ re
preferably notggxggédaﬁéoutfgg% tﬂ dg%ns %?era y no %&%é@g
5 the wafer thickness to dxffuse to the surface of the
wafer.

5. The process of claim 3 wherein diffused iron is
removed from the surface of the wafer by polishing the
wafer.

) 6. A process for increasing the minority carrier
recombination lifetime in a silicon body having a
monocrystalline surface, the silicon body being
contaminated with a methl selected from the group

S - consisting of iron, chromium, cobalt, manganese, zinc and |
vanadium, the process characterized in that the silicon
body is stored at a storage temperature and for a storage
period sufficient to cause the metal to diffuse from the
bulk of the silicon body to the monocrystalline surface

10 of the silicon body to measurably increase the minority
carrier recombination lifetime of the silicon body, the
storage period being at least about 48 hours.

7. The process of claim 1, 2, 3 or 6 wherein the
storage temperature is between 200°C and about 550°C.

8. The process of claim 1, 2, 3 or 6 wherein the
minority carrier recombination lifetime is increased by
more than about 200 microseconds.

9. The process of claim 1, 2, 3 or 6§ wherein said
storage temperature is between about 250°C and about
380°C and said period is at least about 96 hours.

This Sheet Has Been Replaced
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"about 350[err]C. orage tenperature selected is al so
.affected by the oxyge“l]ﬂlr"ﬂﬂl!!"gmﬂ!!Funer of prepar ati on of the silicon.
Single crystal silicon growa by st andar Czochr al ski echni ques or
by the CZ technique in the presence of a cusped nag e’ﬂﬁ SHEEqu Ty
has an oxygen content between about 14 and about 20 partsggqp- T
atomc ("ppma") as determ ned by ASTM $tzandard F121-38 » .
silicon containing nore than about 10 ppna of oxygen unde5|rable t ypes of
oxygen-rel ated defects sonetinmes referred to as "thermal doners” are
formed in the tenpgpat upger ggaeeggt&@emmua éogkekrbﬁeil%gnaﬂﬂbe”] C
Thus, wafers havi ng an Oxy reat ef an about pprma _are
pref erabl y stéﬂéﬁuéﬁdametégpéﬁaFﬁP@VPGSgr?ﬂaﬁh&béﬂf face[ efr the wafer

preferably at pg pbeaBALARUELRe! GEFethan 390[err]C, still nore preferably at
a tenperature Iess than 380[err]C, and nost preferably at a

—_—_
—_—

——

This Sheet Has Been
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tenperature of about 350[err]C. In contrast to conventional A silicon,

- single crystal silicon grown by the float

REPLACEMENT SHEET s 7 zone technip@PEACHEMENT SHEET
variations of the CZ techni que in the presence of an axial or transverse
magnetic field, or by other techni ques being devel oped, may have an oxygen
content.belom/about 10 ppma. Such | oyyoxygen silicon may

ABSTRACT

PROCESS FOR CONTAMINATION REMOVAL AND MINORITY CARRIER
LIFETIME IMPROVEMENT IN SILICON

A process_for increasing the minority carrier
recombination lifetime in a silicon body contaminated
with transition metals, expecially iron. The silicon
body is stored at a temperature and for a period
sufficient to cause metal to diffuse from the bulk- of the
silicon body to the surface of the silicon body to
measurably increase the minority carrier recombination
lifetinme.

REPLACEMENT SHEET

FIGURE 1 3 1-AUG 1999




‘tolerate storage tenperatures between about 400[err] C and about 500[err] C
W't hout significant risk of producing oxygen-rel ated defects. ~ The

| ength of the sto? 6.2 iod shoul.d be sufficient for dslon Of

signi ficant anount §yRisstiahgce ¥He bul'kiof the siliga HEEE HAS Beme
Where the silicon u - , for ‘instance, the wafer BERUACES of
concern because i "noritxgcarrier reconbi nat1 o e are

achi eved by reducing iron concentration not just at the surface of the
silicon, but by reducing iron concengsjipgoy deep within the bulk of, and
even entirely throughout, the siliconm warer. The bulk of the wafer is also
of concern because unless iron content is reduced in regions within the
waf er significantl YAbﬁf@@ébslfcsr sindpefsing otherayin@rbty carrbgrons of the

vat er 3’;3;66;;5!%‘3 AVELEbS 1Pe Sl @R Lh AdF i) ClohEdhORapla tNe

with transition metals, expec1ally iron. The silicon

5 body is stored at a temperature. and for a period
sufficient to cause metal to diffuse from the bulk of the
silicon body to the surface of the silicon body to
measurably increase the minority carrier recombination
lifetime.

[
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|n_preased tenperatures during subsequent device manufact urji rdeoEi}ﬁr:atHwﬁ F
To inprove mnority carrier reconb/Ration lifetime in a sifli CONRg ,c?"r a 5 N
to reduce the risk of diffusion of iron fromthe central re
waf er to critical regions during subgeguet, operatjo t herefore, iron

fromregions of thd.itetimeimprovementsns rivﬂ B80°Gurface greater
t han 10% of the vvafer th| cknes&shﬁ,ogauaeqv.;,gngmm,use to the vvafer surface

For exanpl e, ove— - v - a
silicon wafer ha!w ng a thi ckness of at | east 100 mcrons iron, from
regi ons of thasonaf er bul ki ‘at distances nore than 10 m crons fromthq front
and back side of the wafef, is caused to diffuse to the surface.
Preferadly, i n:lm—frlom redi ons of t he wafer bul k at distances fromthe
o~ / .
§ | =
E 1o ~ _
L
3 100 -~ o
3 90 L o
5 o
£ 0 -~
) ; 70 -
o
60 ¢
so 1 1 1 H L i - L - | 1 ] 1 L 1
0 02 04 08 08 ! 2 4
{Thousands)
Diffusion time thours)
O dataat280C ——— gstimate for J350C
Figure 1. Lifetime improvement data (squares) for 625 micron thick
silicon wafers stored at 280°C for extended periods of time.
The wafers were 150 mm diameter p(100) of resisitivity 10 O-
_ cm. The solid line shows an estimate for the improvement for
} storage at 350°C.
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REPLACEMVENT SHEET 8 wafer
than 20% of the wafer thickness, nmdf@ preferably from redi
fromthe wafer surface greater than 30% of the wafer thid
preferably fromthe entire thickness of the wafer, is caused TO
the surface. The Lifelime improvement inMCZ Si ab 400°G« such
di ffusi on depends on nuner ougoed RAGbdhicewalshGlvi itbtid t Ne thi ckness of the
age—t-erperatur-e—ant—the—afptht—et—+-er—te—he———

waf er, the star -
19 -
18 - °
7 -
5 16 - °
| 15 - | i
] 14 - '
8 13-
€. - .
g; u- -
3 1h .
o osp
2= 08 - °
3 or - &
2 os :- :
3 - > . +
)3 04 - o
03 l— J'. +
0.2 mo (]
orn | e
0 p l 1 i : ' [l ! ] L] 1. 1 ' 1
c 0.2 04 08 08 1 12 14
{Thousands)
Ditfusion time thours}
o tadintitial=85 us + laulinitial=280 us o tadinitial=515 us
Figure 2. Lifetime improvement data for thick (1400 micron) MCZ silicon
wafers of various average intitial lifetimes stored at 400°C for
extended periods of time. The wafers were 150 mm diameter
) p(100) of resisitivity § Q-cm.
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rermoved fromthe wafer. In general, storage periods which have gZé% oun
to be sufficient are at |east about 2 days preferably at | east about 4

‘days,

exanpl e

Pr ess,

1989, a
Springer-VbrIag, NEM/Ybrk, 1982 (i ncorporated herein by rlef

pr oLk

mcal Ftching, (J. G abmaier fed)

nore preferably at |east nost preferably at
about 10 days——— Optimally, Eﬁ%’g %#QRéﬁ%c Nc IS incq
sequence of Gﬁﬁ;\ﬁﬁ&tuﬁménmplbqeeto

those in the a ns of the these operati ons gy
, F. Sh uctor Silicon Crystal Techngl opgy
e

1 PPRReN9

| east

pot-at-ed—ii—t-he—
G oper 4tions wHi REPBAGEMENTVSHEET

or

By

I ncl ude crystal .growi ng, wafer slicing, shaping, thermal [donor anneallng
etching and polishing. It is preferred that this storage ‘pertrod—occur prior
pol i shi NgGONTAMENATION PREMOVARLSANR ENGRITRer nal donor anneal i ng,

to final

during

CARRIER LIFETIME IMPROVEMENT IN SILICON

BACKGROUND OF THE INVENTION

This invention relates to silicon and silicon wafers
used in the manufacture of semiconductor devices and to a
pfoceSS'for improving the minority carrier recombination
lifetime in silicon by réducing_iron contamination.

The minority carrier recombination lifetime and
minority carrier diffusion length of a silicon body are
related and are, therefore, sometimes referred to
interchangeably. In p-type silicon, minority carrier
diffusion length and minority carrier récqmbinétion
lifetime are related according to the following
expreséion: L = ({Dy) (£, ))ms wherein Ly is the minority
carrier diffusion length in centimeters, D, is the
electron diffusion coefficient, taken to be 35 mn/sec,
and t, is minor;ty carrzer recombination lifetime in
seconds. 1In n-type silzcon, minority carrier diffusion

. length and mmnorzty_carrzer ;ecomb1nat10n_11fet1me are

related according to the following expression: Ly =

((D )(t ))05 wherein Ld is the minority carrier diffusion
length in centimeters, Dp is the hole diffusion
coeff:.cient, taken to be 12.5 cmzlsec, and tp is minority
carrier recombination lifetime in seconds.

Various techniques may be used to measure the
minority carrier recombination lifetime (or minofity
carrier diffusion length) of a silicon wafer and
typically involve injecting cafriérs into a wafer sample
by means of a flash of light or voltage pulses and .
observing their decay. One process for measuring
minority carrier recombination lifetime is the surface
photovoltage (SPV) technique described in Zoth and
Bergholz, J. Appl. Phys., 67, 6764 (1990).
Alternatively, diffusion length may be measured using an

-7



which there is a significant potential for further iron{cRFLAGEMENTSHERD

.to the position of this storage period within the wafer
sequence, and due to its effectiveness in reducing neta

ort ArMARHITN

need for the suppression of contam nation sources in opegrations prece

t

g

the storage period is markedly reduced. Mich of the conplication and
expense of making silicon wafer manufacturing and handl {ng operations

ul tra-cl ean can therefore be avoi?ed. Furt hernore, the introduction of
metal contam nation into wafers can be tolerated, though it

preferapl yma¥oL §0rubénf manufactured by GeMeTec (Munich,

is still

Germany) which measures to a resolution of about 1lmm the
photocurrents generated by a scanning laser beam and
collected by a dilute HF electrolytic function. - Minority
carrier diffusion lengths are calculated from these data
and diffusion length images can be generated. See, e.g.,
H. Foell et al., Proc. ESSDERC Conference, Berlin 1989,
p. 44. The calculated diffusion length values are
readily converted to minority carrier recombination
lifetime values using the formulas above.:

As integrated circuit technology advances and the
size of electrical devices continues to decrease, the
need to impose tighter limits on metallic contamination
continues to increase. Metallic contamination in silicon
such as a silicon wafer causes a reduction of the
minority carrier recombination lifetime and results in
spurious electrical current leakage in electrical devices
incorporating the silicon. Spurious electrical current
leakage paths occur at metallically contaminated point
defect sites in the vicinity of electrical junctions
within the device or sub-device cell structure, or
through leakage paths in the oxides used as field effect
gates of isolation structures. Both paths are
deleteriously increased in size when the silicon is
contaminated with metals such as iron, copper, nickel,
chromium, and titanium. .

Gettering techniques have been used in an effort to
reduce or- eliminate metallic contamination in silicon
wafers. Such techniques involve the introduction of
defect sites into silicon wafers at locations which do
not disturb the functioning of electronic devices
fabricated in the wafer. For example, defects have been
introduced to the backsurface of the wafer.(external
gettering) and by allowing oxygen to precipitate in the
bulk of the wafer but not near the surface (internal
gettering).

e



9 Significantly greater extent than in the absence of thi SCE €
such contam nation is subsequently renovabl e as descri be ﬁEPELn ENP%&%F?

t he conclusion of the storage period, iron which has difffusged E&ﬁﬂ@t%&gbu|k
of the wafer to the wafer surface may be renoved by tech iqueé 2 Mydy

i ncl ude cl eaning, polishing, etching or conbinations therleo Such
operations are well known in the art and are described, for exanple, in F.
Shi nura, Semi conduct or 3 _ : e

Although gettering techniques have been useful in
preventing fast diffusing metals such as copper and
nickel from actively participating in recombination _
processes in those areas containing electronic déviéés,
such techniques have not been particularly effective for
metals such as iron, chromium and titanium, which are
relatively slow diffusing as compared to copper and
nickel. Additionally, the defects introduced into
silicon as gettering sinks can themselves reduce the
quality of silicon, for example, by reducing minority
carrier recombination lifetime. As a practical matter,
therefore, industry has to date had little choice but to
identify and eliminate to the extent possible sources of
iron, chromium and titanium, particularly iron, ' ”
contamination. Such an approach, however, is becoming
increasingly costly as it becomes necessary to achieve
ever decreasing levels of iron contamination; the
manufacture of silicon wafers and devices having silicon
components includes many steps and potential sources of
contamination which must each be carefully examined and
controlled. -

SUMMARY OF THE INVENTION
Among the several objects of the invention may be
noted the provision of a process for improving the

quality of silicon; the provision of a process for
reducing the concentration of iron in the bulk of silicon
bodies, in general, and silicon wafers, in particular;
the provision of such a process which does not unduly
increase the cost or complication of the silicon wafer
manufacturing process; the provision of such a process
which does not introduce defects into silicon wafers; and
the provision of such a process which results in
significant increase in the minority carrier
recombination lifetime of silicon wafers.



Siticon Crystal Technol ogy, Academ c Press, (Chapter 5.5). 1989
.(incorporated herein by reference). C eaning may be acc §PEN“HMENW SHEET
wi dely used RCA cl eaning treatnent nethod as described i{n detail 4
exanple, in Chapter 5.5 and Appendi x Xl | of -Shinura. PO|IShI£g Q@@ 7
conventionally acconplished by chenpnechani cal processeg i thé
surface to be polished is brought into contact with an '0
which is flowed an abrasive slurry. Etching sol utions are also wel | known

in the art, including those contalnlng conbi nati ons of
and acetic acid. The surface |ayer ontalnlng the diffused iron to be
renoved by one or, re of these techniques is eneraIJ on the order of a
few nicrons or Bré&d vy t%e(?l?%z’s?' %ﬁfesqrbq Mol es further

i Il ustrat ditrlee tedertat iaop rofcelsise flow dnidmmasing the mlnority carrier
recombination lifetime in a silicon body contamznéfed
with a metal selected from the group cops1st1ng of 1ron,

chromium, cobalt, manganese, zinc and v;nadium. The

silicon body is stored at a temperature and for a period
sufficient to cause a sufficient amount of iron to
diffuse from the bulk of the silicon body to the surface
of the silicon body to measurably increase the minority
carrier recombination lifetime of the silicon body. The
storage period is at least about 48 hours.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a plot of data for 625 micron thick, 150
mm diameter, CZ silicon wafers stored at 2800C for
varying lengths of time in accordance with this
invention. On the vertical axis are the wafers' minority
carrier recombination lifetimes in microseconds; on the
horizontal axis are the storage periods in hours.

Fig. 2 is.a plot of data for 1400 miqron'thick, 150
mm diameter, MCZ silicon wafers stored at 400°C for
varying lengths of time in accordance with this
invention. On the vertical axis are the wafers' minority *
carrier recombination lifetimes in microseconds; on the
horizontal axis are the storage periods in hours.

DETAILED DESCRIPTION OF THE INVENTION
As used herein in connection with a body of s1licon

such as a silicon wafer, the terms minority carrier
recombination lifetime and minority carrier diffusion
length shall mean the average minority.cafrier
recombination lifetime and average minority carrier
diffusion length for the entire body.

It has been discovered that the minority carrier
recombination lifetime of silicon wafers can be increased
by decreasing the average concentration of iron using the

Tt TrtT1C



EXAMPLE 1 A silicon wafer was sliced froma single
‘ingot prepared by the Czochral ski crystal grow ng techni LQEBE&QgﬁﬁM#éﬁ%gﬁ

"t hi ckness and di aneter were 625 microns and 150 m || i net ¢rd
The average mnority carrier reconbination lifetinme of the

determ ned by ELYMAT neasurenent to be about 61 m crosec¢nd

, respectivel

weff &r MAR 1997

h

s. The aver ags

i ron content of the wafer was estimated to be 2.9 x 10[ efr]
REPLACENMENT SHEET
process of the present invention. Silicon wafers
from single crystal silicon grown by conventional
Czochralski ("CZ") crystal growing techniques and
prepared by coanventional wafer shaping processes

cnlerr]. The
wafer was then placed in a quartz bgpat and stored in a Gal| enkanp. 300 plus.

sliced

typically have an average minority carrier recombination

lifetime of less than about 200 microseconds and an

average iron content in the range of about 10” to

101

atoms/cma. Using the process of the present invention, -

iron concentrations less than 10lo atoms/cmﬁ'and

preferably less than about 5 x 10} atoms/cn@ can be

achieved with a corresponding measurable increase
minority carrier recombination lifetime.

in the

The process of the present invention can be used to

increase the minority carrier recombination lifetime of a

body of silicon regardless of the manner in which
body was pfepared and independently of the body's

that

lifetime prior to processing in this manner, -provided the

lifetime is limited at least in part by iron

contamination. The minority carrier recombination

lifetime can be increased by such measurable amounts.as

100, 200, or several hundred microseconds and more,

thereby resulting in a'25x, 50%, 100X or greater

improvement in minority carrier recombination lifetime.

Accordingly, the minority carrier recombination lifetime -

of wafers having lifetime of about 200 microseconds may

be increased to several hundred microseconds, at least

about 500 microseconds, or even a2 millisecond or longer.

In accordance with this process, a silicon body such

as a silicon wafer is stored for an extended period of

time at an elevated temperature. Selection of an

elevated temperature and length of storage for a given

silicon body requires balancing several considerations.

Because the diffusivity of iron increases with increasing

temperature, a storage temperature should be selected at

which the diffusion coefficient of iron is sufficiently

great to permit substantial amounts of iron to diffuse




10: series oven at a tenperature of 280[err]C for 980 ho HA—ad T

wafer was allowed to cool and determ ned by ELYMAT neasurfe
‘average minority carrier reconbination lifetime of about |1
The average iron content was estimted to be about 1.6 x {1
mnority carrier reconbination lifetinmes of 61 and 115 mjcr
and after storage, respectively, are plotted in Fig. 1. Als
Fig. 1 are minority carrier reconbigation lifetime valued for

waf ers stored for periods between 0 and 980 hours.
in Fig.

tAGEMENG SHEET

III bl UDCLUIIU“ .
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os conds EB rle

protted—Tn
sim |l ar
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3]

: \ _ The sol'Ta TTne plrotted
¥doh %ésﬁﬁﬁ@_t@o the surface of the wafer in a

commercially practical storage period. Accordingly, the
storage temperature is at least about 200°C, preferably
at least about 2259C, more preferably at least about
2500C, still more preferably at least about 300°C and
most preferably at least about 350°C.

The solubility of iron in silicon, however, also
jncreases with increasing temperature. Specific values
for solubility are in some doubt, but some generally
accepted data have been provided by Weber, Appl. Phys.,
A30, 1 (1983). It is desirable to keep the storage
temperature sufficiently low in order to reduce the
amount of iron which would be soluble in solid solution
at equilibrium. In general, therefore, it is preferred
that the storage temperature not exceed about 550°C, more
preferably not exceed about 500°C, still more preferably

not exceed about 3500C, and most preferably not exceed
about 350°C.

The particular storage temperature selected is also
affected by the oxygen content and manner of preparation
of the silicon. Single crystal silicon grown by standard
Czochralski ("CZ") techniques or by the CZ technique in
the presence of a cusped magnetic field typically has an
oxrgen content dbetween about 14 and about 20 parts per -
giliion atomic ("ppma") as determined by ASTM Standard
¥123:-83. Significantly, in silicon containing more than
s>oz=t 10 ppma of oxygen undesirable types of .
cxrzen~-related defects sometimes referred to as "thermal
doozrs” are formed in the temperature range between about
ix>eC and 500C. Thus, wafers having an oxygen content
gosztar than about 10 ppma are preferably stored at a
sarcerature less than about 400°C, more preferably at a
sax-erature less than 390°C, still more preferably at a
szc—erature less than 380°C, and most preferably at a
sz=wmrature of about 350°C. In contrast to conventional

—~— -._‘,..

== silicon, single crystal silicon grown by the float



of the increase in mnority carrier reconbination lifeting ﬁﬁﬁraﬁkﬁ@N?vgﬁEET

time for a simlar wafer stored at 350[err]C.
EXAMPLE 2 A silicon wafer was sliced froma single c

of a transverse magnetic field. The wafer's thickness and

1400 mcrons and 150 mllinmeters, respectively. The average mnority
carrier recombination lifetime of type wafer was determ ned_hy ELYNMAT

Y
I ngot prepared by the Czochral ski crystal grow ng techniqye
di

tal silicon

i rf & H4ARB3EN

aneter were

e

)

measurenent to be about 65 m croseconds. The average iron content of the
wafer was;gséi fBERAL§Re Deby. PaxidPions] oeNtRErEZ t‘ébﬁnmﬁer;mshéhen pl aced

In a quartz boat ang stored

400[ err] P¥eFe1880° oﬁ?sa¥ha£tﬂﬁsﬁﬁépévﬁfsﬂ[@?5?3 18

other techniques being developed, may have an oxygen
content below about 10 ppma. Such low oxygen silicon may
tolerate storage temperatures between about 400°C and
about 500°C without significant risk of producing
oxygen-~related defects.

The length of the storage period should be
sufficient for the diffusion of significant amounts of
iron from the bulk of the silicon to its surface. Where
the silicon body is a wafer, for instance, the wafer bulk
is of concern because improvements in minority carrier
recombination lifetime are achieved by reducing iron
concentration not just at the surface of the silicon, but
by reducing iron concentration deep within the bulk of,
and even entirely throughout, the silicon wafer. The
bulk of the wafer is also of concern because-unless iron
content is reduced in regions within the wafer
significantly beneath its surface, iron may remain in
regions of the wafer where it is .available to diffuse
toward the device region of the wafer upon exposure to
increased temperatures during subsequent device
manufacturing operations.

To improve minority carrier recombination lifetime
in a silicon wvafer and to reduce the risk of diffusion of
iron from the central regions of the wafer to critical
regions during subsequent operations, therefore, iron
from regions of the wafer bulk at distances from the
wafer surface greater than 10% of the wafer thickness is
caused to diffuse to the wafer surface. For example, to
improve minority carrier recombination lifetimes in a
silicon wafer having a thickness of at least 100 micromns,
iron, from regions of the wafer bulk at distances more
than 10 microns from the front and back side of the
wafer, is caused to diffuse to the surface. Preferably,
iron from regions of the wafer bulk at distances from the

gquartz tube furn ? efdtegpegature of

L 3




The wafer was allowed to cool and determ ned by ELYNAT'Eﬁﬁﬂﬂ?ﬂﬁﬁﬁ*TUFhav?
an average mnority carrier reconbination lifetine of ap PLAGEMENT SHEET

m.croseconds. The average iron content was estimated to} b a :
10[err] cnferr]. The mnority carrier reconbination Iifatinqa,qﬁmpﬁggmd 7
m croseconds before and after storage, respectively, arg plotted in Fig

Also plotted in

wafer surface greater than 20X of the wafer thickness,
more preferably from regions at distances from the wafer
surface greater than 30% of the wafer thickness, and most
preferably from the entire thickness of the wafer, is
caused to diffuse to the surface. The required length of
storage period to achieve such diffusion depends on
numerous factors, including the thickness of the wafer,
the stbrage temperature, and the amount of iron to be
removed from the wafer. 1In general, storage periods
which have been found to be sufficient are at least about
2 days, preferably at least about 4 days, more preferably
at least about 7 days, and most preferably at least about
10 days.

Optimally, the storage period is incorporated in the
sequence of conventional silicon processing operations
which are known to those in the art. Deécriptions of the

 these operations may be found in, for example, F.

Shimura, Semiconductor Silicon Crystal Technology,
Academic Press, 1989, and Silicon Chemical Etching, (J.

Grabmaier ed.) Springer-Verlag, New York, 1982
{incorporated herein by reference), and may include
crystal growing, wafer slicing, shaping, thermal donor
annealing, etching and polishing. It is preferred that
this storage period occur prior to final polishing, but *
after operations, such as thermal donor annealing, during
which there is a significant potential for further iron
contamination. Due to the position of this storage
period within the wafer manufacturing sequence, and due
to its effectiveness in reducing metal contamination, the
need for the suppression of contamination sources in
operations preceding the storage period is markedly
reduced. Much of the complication and expense of making
silicon wafer manufacturing and-handliné operations
ultra-clean can therefore be avoided. Furthermore, the
introduction of metal contamination into wafers can be
tolerated, though it is still preferably avoided, to a




Fig. 2 are mnority carrier reconbination lifetine values for simlar

waf ers stored for periods between 0 and 1350 hours.
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wafer was estinmated to be 4.6 x 10[®rr] cnferr]. The wafer was then placed

significantly greater extent than in the absence of this
process because such contamination is subsequently
removable as described herein.

At the conclusion of the storage period, iron which
has diffused from the bulk of the wafer to the wafer
surface may be removed by techniques which may include
cleaning, polishing, etching or combinations thereof.
Such operations are well known in the art and are
described, for example, in F. Shimura, Semiconductor
Silicon Crystal Technology, Academic Press, (Chapter
5.5), 1989 (incorporated herein by reference). Cleaning
may be accomplished by the widely used RCA cleaning
treatment method as described in detail, for example, in
Chapter 5.5 and Appendix XII of Shimura. Polishing is
conventionally accomplished by chemomechanical procesées
in which the surface to be polished is brought into
contact with an absorbent pad onto which is flowed an

abrasive slurry. Etching solutions are also well known
in the art, including those containing combinations of
hydrofluoric, nitric and acetic acid. The surface layer
containing the diffused iron to be removed by one or more
of these techniques is generally on the order of a few
microns or less in thickness. | .
The following examples further illustrate the
operation of the invention.

EXAMPLE 1 o

A silicon wafer was sliced from a single crystal
silicon ingot prepared by the Czochralski crystal growing
technique. The wafer's thickness and diameter were 625
microns and 150 millimeters, respectively. The average
minority carrier recombination lifetime of the wafer was
determined by ELYMAT measurement to be about 61
microseconds. The average iron content of the wafer was
est;mated to be 2.9 x 10!! em}. The wafer was then placed

i in a quartz boat and stored in a Gallenkamp 300 plus




In:a quartz boat and stored in a quartz tube furnace at a te t

400[err] C for 1350 hours in atnosphere of Nerr]. The wafer s*ékﬁﬁﬁwiﬁkﬁﬁEET
"cool and determ ned by ELYMAT neasurenent to have an averagefminority
carrier reconbination lifetime of about 1111 nicroseconds. The|avel AR i183h
content was estimated to be about 1.6 x 10[err] cnferr]. The]l munarify
carrier reconbination lifetinmes of 280 and 1111 m croseconds] before and
after storage, respectively, are phgtted in Fig. 2. Also plotted-in Fig, 2
are mnority carrier reconbination lifetime values for simlar wafers

stored fogepPLLi 0gveRCs VLNt EnpdiFaddpd HPUEE0CC for 980 hours in
EXAMPLE 4 A silicon wafer ﬁas $I|ced from alngle.cr s%al silicon
i ngot prephfed bye t¥AL€S o¥ds a2 LkPve yE?aﬁoﬁioﬁPﬁg etermined by

ELYMAT measurement to have an average minority carrier

recombination lifetime of about 115 microseconds. The
average iron content was estimated to be about 1.6 x 10!
cmd. The minority carrier recombination lifetimes of 61
and 115 microseconds before and after storage,
respectively, are plotted in Fig. 1. Also plotted in
Fig. 1 are minority carrier recombination lifetime values
for similar wafers stored for periods between 0 and 980
hours. The solid line plotted in Fig. 1 is an estimate
of the increase in minority carrier recombination
lifetime expected over time for a similar wafer stored at
350eC.

EXAMPLE 2

A silicon wafer was sliced from a single crystal
silicon ingot prepared by the Czochralski crystal growing
technique in the presence of a transverse magnetic field.
The wafer's thickness and diameter were 1400 microns and
159 millimeters, respectively. The average minority
carrier recombination lifetime of the wafer was
determined by ELYMAT measurement to be about 635
microseconds. The average iron content of the wafer vas -
estimated to be 2.8 x 10! cm?. The wafer was then placed
in a quartz boat and stored in a quartz tube furnace at a
temperature of 4009C for 1350 hours in atmosphere of N,.
The wafer-was allowed to cool and determined by ELYMAT
measurement to have an average minority carrier
recombination lifetime of about 717 microseconds. The
average iron content was estimated to be about 2.5 x 1010
em?. The minority carrier recombination lifetimes of 65
and 717 microseconds before and after storage,
respectively, are plotted in Fig. 2. Also plotted in
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Fig. 2 are minority carrier recombination lifetime values
for similar wafers stored for periods between 0 and 1350
hours.

~ EXAMPLE 3

A silicon wafer was sliced from a single crystal
silicon ingot prepared by the Czochralski crystal growing
techﬁidue in the presence of a transverse magnetic field.
The wafer's thickness and diameter were 1400 microns and
150 millimeters, respectively. The average minority
carrier recombination lifetime of the wafer was
determined by ELYMAT measurement to be about 280
microseconds. The average iron content of the wafer was
estimated to be 4.6 x 10! cm). The wafer was then placed
in a quartz boat and stored in a quartz tube furnace at a
temperature of 400°C for 1350 hours in atmosphere of N,.
The wafer was allowed to cool and determined by ELYMAT
measurement to have an average minority carrier
recombination lifetime of about 1111 microseconds. The
average iron content was estimated to be about 1.6 x 100
em?. The minority carrier recombination lifetimes of 280
and 1111 microseconds before and after storage,
respectively, are plotted in Fig. 2. Also plotted in
Fig. 2 are minority carrier recombination lifetime values "
for similar wafers stored for periods between 0 and 1350
hours.

EXAMPLE 4 _

A silicon wafer was sliced from a single crystal
silicon ingot prepared by the Czochralski crystal growing
technique in the presence of a transverse magnetic field.
The wafer's thickness and diameter were 1400 microns and
150 milliméters, respectively. The average minority
carrier recombination lifetime of the wafer was
determined by ELYMAT measurement to be about 515
microseconds. The average iron content of the wafer was
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400[ err] C for 1350 hours in atnosphere of Nerr]. The m&f@?ﬁvggi@ﬁhbﬁﬂaEEc

cool and determ ned by ELYMAT neasurenent to have an avegr g
carrier reconmbination lifetime of about 1770 m croseconds.

t
ge mnority

The MARri882 jron

content was estimated to be about 1 x 10[err] cnferr]. Th

pmnority carfie

reconbi nation lifetinmes of 515 and 1770 m croseconds before and after
storage, respectively, are plotted in Fig. 2. Also plotted_in Fig. 2 are

mnority carrier reconbination Iiffﬁine val ues for simlar

wafers store

for periods between O and 1350 hours. Thi s process has been descri bed
'n connecetgtq_r&lavgetdﬁ to be 3.5 x 100 cm3. The wafer was then placed

in a quartz boat and stored in a quartz tube furnace at a

temperature of 400°C for 1350 hours in atmosphere

of Nz.

The wafer was allowed to cool and determined by ELYMAT

measurement to have an average minority carrier

recombination lifetime of about 1770 microseconds.

The

average iron content was estimated to be about 1 x 1o0lf
cm3. The minority carrier recombination lifetimes of 515

and 1770 microseconds before and after storage,

respectively, are plotted in Fig. 2. Also plotted in
Fig. 2 are minority carrier recombination lifetime values

for similar wafers stored for periods between 0 and 1350

hours.

This process has been described in connection with

single crystal silicon wafers which are the starting

material for the manufacture of electronic devices. It

is contemplated, however, that the process is equally
applicable to the control of contamination in polysilicon
bodies, in finished or nearly finished silicon-based

electronic devices .themselves, and in semiconductor

deviqes which include bodies of silicon. 1In particular,

through the application of the storage times and
temperatures described above, a reduction of bulk
contamination and improvement of minority carrier

diffusion length and minority carrier recombination

lifetime in the silicoh substrate on which electronic

devices are manufactured can be achieved. In certain
devices, the surface to which iron is caused to diffuse

may be an interface within the device rather than a
surface on the exterior of the device. Such processing

may, in certain cases, result in a significant
improvement of the device performance.

One particular electronic device which could benefit

from being processed in accordance with this invention

are photovoltaic, or solar, cells. Because the minority

carrier diffusion length of the silicon in such devices
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near or at the end of the manufacturing sequence of a

photovoltaic cell, preferably after the last thermal
treatment above 550°C,-the cell would be stored at a
temperature and for a time as described above.
Advantégeously, such temperatures might be achieved by
passive solar heating, thus keeping the costs of such
storage relatively low. Iron from regions of the wafer
bulk at distances from the wafer surface greater than 10%
of the wafer thickness, preferably from regions at
distances from the wafer surface greater than 30% of the
wafer thickness, and most preferably from the entire
thickness -of the wafer, would thereby be caused to
diffuse to the surface. After treatment, however, no
etching or polishing of the surfaces to which the iron
had diffused would be possible. Iron would remain at the
surface of the silicon, or at an interface between the
silicon and a surface layer, where it would not
significantly reduce the minority carrier diffusion
length of the silicon bulk. Furthermore, significant
quantities of the diffused iron would not be expected to
diffuse back to regions in the silicon where it would be
detrimental to minority carrier diffusion length because
the cell would not thereafter be subjected to
temperatures high enough to cause such diffusion.

It should also be noted that this inventlion includes
increasing the minority carrier recombination lifetime
through the control of transition metal contaminants
other than iron. 1Iron contamination is given primary
consideration in the foregoing description due to its
ubiquitous nature in silicon processing and its

prevalence among detriments to minority carrier
recombination lifetime. It is within the skill of the
art to control other silicon contaminants having known
physical properties which render them subject to
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diffusion under similar conditions as iron, which
conditions are not harmful to the silicon or device.
Such transition metal contaminants include chromium,
cobalt, manganese, zing and vanadium.

Although specific examples of the present invention
and ité application are set forth it is not intended that
they are exhaustive or limiting of the invention. These
illustrations ahd explanations are intended to acquaint
others skilled in the art with the invention, its
principles, and its practical application, so that others
skilled in the art may adapt and apply the invention in
its numerous forms, as may be best suited to the
requirements of a particular use.
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WHAT IS CLAIMED IS:

1. A process for increasing the minority carrier
recombination lifetime in a silicon body contaminated
with a metal selected from the group consisting of iron,
chromium, cobalt, manganese, zinc and vanadium, the
process characterized in that the silicon body is stored
at a storage temperature and for a storage period
sufficient to cause the metal to diffuse from the bulk of
the silicon body to the surface of the silicon body to
measurably increase the minority carrier recombination
lifetime of the silicon body, the storage period being at
least about 48 hours.

2. A process for increasing the minority carrier
recombination lifetime in a silicon body component of a
photovoltaic cell, which silicon body is contaminated
with a metal selected frdﬁ the group consisting of iron,
chromium, cobalt, manganese, zinc and vanadium, the
process characterized in that the silicon body is stored
at a storage temperature and for a period sufficient to
cause the metal to diffuse from the bulk of the silicon
body to the surface of the silicon body to measurably
increase the minority carrier recombination lifetime.

3. A process for increasing the minority carrier
recombination lifetime of a silicon wafer contaminated
with iron characterized in that the wafer is stored at a
storage temperature and for a period sufficient to cause
iron from regions of the wafer bulk at distances from the
wafer surface greater than 10X of the wafer thickness to
diffuse to the surface, and the diffused iron is removed
from the surface of the wafer, the storage temperature
being insufficient to produce oxygen-related defects in
the silicon but at least about 200°C.
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at distances from the wafer surface greater than 30% of
the wafer thickness to diffuse to the surface of the
wafer.

5. The process of claim 3 wherein diffused iron is
removed from the surface of the wafer by polishing the
wafer.

6. A process for increasing the minority carrier
recombination lifetime in a silicon body having a
monocrystalline surface, the silicon body being
contaminated with a metal selected from the group _
consisting of iron, chromium, cobalt, manganese, zinc aad
vanadium, the process characterized in that the silicon
body is stored at a storage temperature and for a storage
period sufficient to cause the metal to diffuse from the
bulk of the silicon body to the monocrystealline surface
of the silicon body to measurably ;ncrease the minority
carrier reéombinatibn lifetime of the silicon body, the
storage period being at least about 48 hours. -

| 7. The process of'claimll, 2, 3 or 6 wherein the
Storage temperature is between 200°C and about 550°C.

8. The process of claim 1, 2, 3 or 6§ wherein the
minority carrier recombination lifetime is increased by
more than about 200 microseconds.

9. The process of claim 1, 2, 3 or 6 wherein said
storage temperature is between about 250°9C and about
380°C and said period is at least about 96 hours.
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10. The process of claim 1, 2 or 6 wherein the
diffused metal is removed from the surface of the wafer
by polishing the wafer.

Ll
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CONTAMINATION REMOVAL AND MINORITY CARRIER LIFETIME

IMPROVEMENT IN SILICON

A process for increasing the minority carrier

recombination lifetime in a silicon body contaminated

with transition metals, expecially iron.

The silicon

- body is stored at a temperature and for a period
sufficient to cause metal to diffuse from the bulk of the
silicon body to the surface of the silicon body to

‘measurably increase the minority carrier recombination

lifetime.

_FIGURE 1
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Figure 1. Lifetime improvement data (squares) for 625 micron thick "

silicon wafers stored at 280°C for extended periods of time.
The wafers were 150 mm diameter p(100) of resisitivity 10 Q-
cm. The solid line shows an estimate for the improvement for

storage at 350°C.
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Figure 2. Lifetime improvement data for thick (1400 micron) MCZ silicon
wafers of various average intitial lifetimes stored at 400°C for
extended periods of time. The wafars were 150 mm diameter

p(100) of resisitivity 5§ (1-cm.
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CLAIMS

WHAT IS CLAIMED IS:

1. A process for increasing the minority carrier recombination lifetime

in a silicon body contaminated with a metal selected from the group consisting of iron,
chromium, cobalt, manganese, zinc and vanadium, the process characterized in that the
silicon body is stored at a storaée temperature and for a storage period sufficient to cause the
metal to diffuse from the bulk of the silicon body to the surface of the silicon body to
increase the minority carrier recombination lifetime of the silicon body, the storage

temperature not exceeding about 500°C and the storage period being at least about 48 hours.

2. The process of claim 1 wherein the silicon body is a component of a

photovoltaic cell.

3. The process of claim 1 wherein the silicon body is a silicon wafer

coﬁtaminated with iron, the process being further characterized in that the wafer is stored at
a storage temperature and for storage period sufficient to cause iron from regions of the
water bulk at distances from the wafer surface greater than 10% of the water thickness to
diffuse to the surface, the storage temperature being insuffiéient to produce oxygen-related

defects in the silicon.

4, The process of claim 3 wherein the wafer is stored at a storage temperature

and for a period sufficient to cause temperature and for a period sufficient to cause iron from
regions of the wafer bulk at distances from the wafer surface greater than 30% of the wafer
thickness to diffuse to the surface of the wafer. .
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S. The process of claim 3 wherein diffused iron is removed from the surface of

the wafer by polishing the wafer.

6. The process of claim 1 wherein the silicon bocy has a monocrystalline
surface.
7. The process as set forth in claim 1, 2, 3 or 6 wherein the storage

temperature is between about 200°C and about 500°C .

8. The process as set forth in claim 1, 2, 3, or 6 wherein the minority carrier

recombination lifetime is increased by more than about 200 microseconds.

9.  The process as set forth in claim 1, 2, 3, or 6 wherein said storage
temperature is between about 250°C and about 380°C and said period is at least 96 hours.

10.  The process as set forth in claim 1, 2, or 6 wherein the diffused metal is
removed from the surface of the silicon body by polishing.



8. The process as set forth in claiml, 2, 3, or 6 wherein thecﬁﬁé%§%§87'7
carrier reconbination l[ifetinme is increased by nore than about 200 _
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wherein said storage tenperature is bet EEA(%&% i€ and about
380[err]C and said period is at |east 96Lhaur e process as set
forth in claim1, 2, or 6 wherein the diTfused netal is rennved fromthe
surface of the silicon body by polisassgracT i

CONTAMINATION REMOVAL AND MINORITY CARRIER LIFETIME
IMPROVEMENT IN SILICON

A process for increasing the minority'carrier
recombination lifetime in a silicon body contaminated
with transition metals, expecially iron. The silicon
body is stored at a temperature and for a period
sufficient to cause metal to diffuse from the bulk of the
ilicon body to the surface of the silicon body to
measurably increase.the minority carrier recombination

lifetime.
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bROCESS.FOR CONTAMINATION REMOVAL AND MINORITY CARRIER

LIFETIME IMPROVEMENT IN SILICON

BACKGROUND OF THE INVENTION

This invention relates to silicon and silicon wafers
used in the manufacture of semiconductor devices and to a
process for improving the minority carrier récombination
lifetime in silicon by reducing iron contaminaticn.

The minority carrier recombination lifetime and
minority carrier diffusion length of a silicon body are
related and are, therefore, sometimes referred to
interchangeably. In p-type silicon, minority carrier
diffusion length'and minority carrier recombination
lifetime are related according to the following .
expression: Li:= ((Du)(tn))"'s wherein Ly is the minority
carrier diffusion length in centimeters, D, is the
electron diffusion coefficient, taken to be 35 cmﬁ/sec,
and t, is minority carrier recombination lifetime in
seconds. 1In n-type silicon, minority carrier diffusion
length and minority carrier recombination lifetime are
related according to the following expression: Ly =
{(Dp)(téj)ms wherein Ly is the minority carrier diffusion
length in centimeters, DP is the hole diffusion
coefficient, taken to be 12.5 cm{/sec, and tp is minority
carrier recombination lifetime in seconds.

Various techniques may be used to measure the
minority carrier recombination lifetime (or minority
carrier diffusion length) of a silicon wafer and
typically involve injecting carriers into a wafer sample
by means of a flash of light or voltage pulses and .
observing their decay. One process for measuring
minority carrier recombination lifetime is the surface
Photovoltage (SPV) technique described in Zoth and
Bergholz, J. Appl. Phys., 67, 6764 {1990). ) _
Alternatively, diffusion length may be measured using an
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