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suit, thermal stresses leading to the slip lines can be created by the
thermal gradient in the wafer. G. Ben- Technical Field
tini, L. Correra and C. Donolato in "Defects Intro- duced in Silicon Wafers
During Rapid Isothermal An- The invention is directed to the fabrication of
5   nealing: Thermoelastic and Thermoplastic Effects, semiconductor
devices, especially those comprising  J. App. Phys. 56 (10), 15 November
1984, pp. 2922- III-V and II-VI compound semiconductor materials,  2929,
describe formation of slip lines in silicon. This which involves annealing
of semiconductor wafers.  phenomena occurs in III-V and II-VI semiconductor
materials as well. Very often, the slip lines may ex- Background of the
Invention                   10  tend for a considerable distance into the
central area of semiconductor wafers, such as 1.3 cm (0.5 inches) In the
production of semiconductor devices, wa-  ormorefroman edge of
awaferabout5or7.6 cm (2.0 fers of semiconductor material may be doped with
at  or 3.0 inches, respectively) in diameter, resulting In re- least one
dopant by ion implantation. This process in-  gions which are not suitable
for further processing, variably damages the implanted surface. It is
desir-  15  thus leading to poor device yield. able to remove this damage
so as to present a high    Additionally, EN1 traps may be introduced at
quality surface for subsequent processing steps,   higher RTA temperatures.
In such compound semi- such as metallization. This is typically achieved by
conductors as n-GaAs the EN1 traps are typically in- subjecting the
implanted wafer to annealing which si-  troduced by RTA above [err]. The
EN1 trap is an multaneously activates the implanted ions.   20  electron
trap with a certain activation energyfrom the Conventional long-term
furnace annealing leads  conduction band and results from infrared heating
to a high-quality surface. Unfortunately, the furnace  during the RTA. This
trap formation is closely related annealing is time and energy consuming,
and may re-  to a rapid heating stage in the RTA process and is nev- sult
in dopant profile broadening as well as the loss  er observed after
conventional furnace annealing. of volatile components (e.g. As from GaAs
wafers or  25   Formore detailed discussion of EN1 traps, see M. Ka- P from
InP wafers) requiring maintenance of a specif-  zuhara and T. Nozaki,
"Study of Electron Traps in n- ic atmosphere over a sample being annealed
to com-  GaAs Resulting From Infrared Rapid Thermal An- pensate for the
loss of the volatile component     nealing", J. Appl. Phys. 59 (9), 1 May
1986, pp. 3131- Lately, Rapid Thermal Annealing (RTA) is becom-  3136. The
formation of electron traps in n-GaAs from ing increasingly useful In the
processing of implanted   30   RTA has been studied using deep level
transient semiconductors, especially of semiconductors com-  spectroscopy.
It has been reported by these authors prising III-V and II-VI compound
semiconductors, in-  that in addition to a number of trap levels generally
cluding such as GaAs and InP and compound semi-    present in as-grown bulk
GaAs, a new trap EN1 with conductors lattice-matched to GaAs and InP such
as  an activation energy of 0.20 eV from the conduction InGaAs, InGaAsP,
AllnAs, AllnAsP, etc. In the RTA   35  band and an electron capture cross
section of process, the object being annealed is exposed to heat  [err], is
formed In encapsulated GaAs an- energyat high temperatures of up to [err]
short  nealed at [err] in an RTA. periods of time such as from 1 to 30
seconds ormore.  It is important that the wafers annealed by RTA For
example, InP wafers are subjected to tempera-  should possess not only
reproducibly high mobilities tures ranging from 700 to [err] while GaAs
wafers  40  and uniform activation, but should also be of morpho- are
annealed at temperatures ranging from 800 to  logical quality at least
comparable to that obtained [err].
with the conventional furnace annealing. Thus, it is The RTA method offers
the advantage of remov-  desirable to be able to subject the implanted
semicon- ing the implantation damage with less dopant profile  ductorwafers
to RTAwhile at the same time obtaining broadening compared to conventional
furnace an-  45  a high qualitysurface without any slip lines. Addition-
nealing. However, the RTA process is conducive to  ally, it is desirable to
substantially avoid presence of slip line formation as well as EN1 traps
during the  EN1 trapped defects in the RTA treated wafers. A RTA.
process as set out in the preamble of claim 1 is dis- Slip lines are
regions ofawafer resulting from the  closed in Appl. Phys. Lett 47(3), 1
August 1985, p. introduction of thermoelastic stresses arising from   so
304-306. high temperature exposure during the RTAand giving    The problems
outlined above may be overcome rise to thermoplastic phenomena involving
disloca-  by means of the Invention set out in the claims. tion glide.
Since in the RTA method, the cooling of the  In an exemplary process
according to the inven- sample takes place primarily by radiation, thermal
tion, a wafer to be annealed is placed within a *black- gradients can
occurdue to variation in radiation inten-  55  box" comprising a base, a
guard ring and a lid which sity from different parts of the sample. For
example,  is then positioned within an annealing chamber. The the edge of
the wafer cools faster than the center due  black-box is of a material
which substantially absorbs to the comparatively higher radiation from it
As a re-  incident radiation energy and dissipates energy prin- 
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radiation. The RTA of the wafer annealed  Approximately [err] of the
surface thickness of each within the black-box results in wafers
substantially  wafer was removed by etching in a freshly prepared free of
slip lines. RTA carried out as a three-step an-  solution of 5 [err] prior
to Ion implan- neal leads to reproducibly high mobilities and uniform
tation. [err] was implanted at room temperature in a activation. The
three-step RTA includes a pre-anneal   5   nonchanneling direction. The
dose and energy of the step at a temperature and for a period of time
suffi-  implants were [err] and 60 KeV, respectively. cient to reduce
thermal shock to the wafer which   Other doses ranging from [err] to [err]
and otherwise may result from higher annealing temper-  energies ranging
from 30 to 800 KeV may be used to atures, a main anneal step at a
temperature and for  implant these ions at room temperature. Prior to the a
period sufficient to remove damage caused to the   10   RTA, the implanted
wafers were capped (encapsulat- semiconductor surface by ion implantation
and to ac-  ed) with a film of e-beam deposited glass in a thick- tivate
dopant ions, and a post-anneal step at a tem-  ness within a range from 10
to 500 nm. Phosphosili- perature and for a period sufficient to relieve
stresses  cate glass (PSG) containing from 1 to 15 mole percent resulting
from the main-anneal step. The use of the [err] preferably 2 to 10 mole
percent [err], is most three step RTA in combination with the black-box
15  suitable for use in RTA because of its excellent pro- leads to wafer
substantially free of slip lines and with  tective characteristics. For
annealing purposes, a reproducibly high mobilities and uniform activation.
PSG film within a range of from 30 to 150 nm, typi- cally approximately 100
nm thick, is adequate. Brief Description of the Drawings
Presence of [err] in [err] glass lowers its soften- 20  ing temperature and
increases its thermal expansion FIG. 1 is a partial perspective view of a
heating  coefficient, thus reducing stress during thermal an- chamber of a
representative annealing apparatus, in-  nealing, especially by RTA. Also,
presence of phos- cluding some of its components used in conducting  phorus
inhibits furtherdiffusion of, e.g. ion implanted the RTA in accordance with
the invention.          dopants on annealing. The [err] content of a PSG
FIG. 2 is an exploded view of components of a   25  used as a barrier layer
in the annealing procedure Is "black-box" annealing implement being used
for an-  selected such thatthe softening temperature is below nealing
semiconductor wafers in accordance with the  an anneal temperature, but the
melting point of an invention.
equivalent crystalline material is above the anneal FIG. 3 is a graph of a
three-step annealing cycle  temperature. Under these conditions, the glass
layer for annealing Si-implanted GaAs wafers.       30  forms a good
barrier without stressing the semicon- FIGs. 4,5, 6 and 7 compare
fourdifferentvariants  ductor surface. [err] content above 15 mole percent
of effects of RTAon the morphological quality of RTA  still causes lowering
of the stress, but the film might treated GaAs wafers.
not be chemically inert. Amounts below 1 mole per- FIG. 8 discloses a
carrier concentration profile vs  cent may still significantly reduce
stress, however, depth profile for exemplary GaAs implanted with a   35
only marginally reducing the glass softening temper- doseof [err]
KeVandannealed us-      ature. Since for many applications, annealing is
de- ing a three-step cycle of 650C for 30s - 950Cfor 10s  sired below [err]
(e.g. 800 to[err] for GaAs), a [err] for 30s.
typical useful range for the amount of [err] in PSG ranges from 2 to 10
mole percent. Amore detailed dis- Detailed Description
40  cussion forthe selection of theamountof [err] in PSG may be found in U.
S. Patent 4,731,293 issued on This Invention isconcernedwith thefabrication
of  March 15, 1988 to D. T. Ekholm et al. semiconductor devices comprising
III-V and II-VI      The phosphosilicate glass may be very effective-
compound semiconductor materials which involves    ly and inexpensively
prepared for use in e-beam de- Rapid Thermal Anneal (RTA) of semiconductor
wa-  45  position by sol-gel technique disclosed In EP-A- fers implanted
with a suitable dopant.Atechnique and  0254013. Some other glasses, such as
borosilicate apparatus for annealing wafers by RTA with avoid-  or
commercially obtainable [err](3% [err], 1% ance of slip lines and with
reproducibly high mobilities  [err] and 96% [err], all by weight) may also
be used and uniform activation are described below. Si-im-
forencapsulation.Theuseofborosilicateglass in fab- planted GaAs wafers are
being used as exemplary  50  rication of such devices as avalanche
photodiodes is semiconductor wafers for illustrating the invention.
disclosed In U.S. Patent No.4,819,039 issued April 4, Other semiconductor
materials and other dopants     1989 in the name of G. Chi etal. The use of
PSG glass may be treated with logical modifications utilising the  in
preparation of various semiconductor devices in- hereinbelow described
teachings.                  cluding avalanche photodiodes is disclosed In
the 



Wafers used in this illustration were originally un-  55  above-mentioned
U. S. Patent 4,731,293. doped, (100) oriented, chem-mechanically polished,
Wafers, 1, having an encapsulating film, 2, over semi-insulating GaAs
wafers that were about 5 cm (2  an Implanted surface, were annealed in an
annealing Inches) in diameter and about 500[err] (20 mile) thick.
apparatus under flowing dry inert gas, such as nitro- 3    5
EP 0 399 662 B1                    6 gen ([err]), argon, forming gas, etc.
Apparatus used for  reduce the possibility of contamination of the material
the RTA should be capable of providing thermal ener-  of the wafer by the
material(s) of the black box com- gy sufficient to preheat a semiconductor
sample to a  ponents, especially at higher RTA temperatures, at temperature
intermediate a starting, e.g. room, tem-  least the internally facing
surfaces of these compo- perature and a peak annealing temperature, and of
5   nents may be covered by an encapsulating glass film. providing high
thermal energy, e.g. up to 1100-    The coating may be applied in a
suitable thickness, [err] suitable for said peak annealing for a period
such as 100-500 nm thick. The coating may be pre- ranging from 1 to 30
seconds. A microprocessor con-  ferably of the same glass material as is
used for cap- trolled HEATPULSE[err] 410 halogen lamp annealing     ping
the wafer. However, other encapsulating materi- system, commercially
available from AG Processing   10  als such as [err] or [err] may be used
as well. Technologies, Inc., 1325 Borregas Avenue, Sunny-      The inside
diameter dimension of guard ring 11 is vale, California, 94089, U.S.A, is
suitable for this pur-  somewhat larger than the dimension of wafer 1 to be
pose.                                              annealed so as to
allowfora small clearance between A representative annealing apparatus
includes a  the implanted wafer and the guard ring. The clear- heating
chamber, 3, shown in FIG. 1. The heating   15  ance is provided to allow
for the expansion of the wa- chamber includes a quartz isolation tube, 4, a
lower  fer within the cavity while allowing efficient, evenly and an upper
bankof high-intensity tungsten-halogen  distributed transfer of heat
between the guard ring of lamps, 6, and conduits, 7, for carrying a
suitable cool-  the black box and the wafer. For similar reasons, the ing
fluid, such as water. Lamps 6 emit pulsed radiant  height of the guard ring
is somewhat greater than the energy to heat wafer 1 placed on a tray or
susceptor,  20  thickness of the implanted wafer so that lid 12 is also 8,
within the isolation tube. At low temperatures the  spaced from implanted
wafer 1. Typically for a wafer wafer absorbs visible light, and at high
temperatures  about 500[err] thick, the guard ring is from 600 to 900 it
absorbs infrared radiation. Reflective surfaces, 9,  [err] high. This
provides at least 100[err] clearance be- are provided to reflect the heat
energy toward the iso-  tween the wafer and the lid. A similar clearance is
pro- lation tube and enhance the uniformityof heatenergy   25  vided
between the inner walls of the guard ring and distribution.
the wafer. The outside dimension of the guard ring, Thermal processing
occurs in isolation tube 4 be-  and thus, of the base and the lid, may be
selected so tween upper and lower banks of lamps 6. Tray 8 of  as to fit
within the boundaries of retainers 13 position- suitable material, such as
quartz, is removably posi-  able on the tray within selected spacing
apertures 14 tioned within isolation tube 4, and is used for support-  30
(FIG. 2). Typically each of the base, lid and walls of ing implanted and
encapsulated wafer 1, being proc-  the guard ring Is from 600 to 1000 [err]
thick. Thus, for essed, within the tube. To monitor the annealing, the  an
implanted wafer approximately 5 cm, (2 inch) in di- apparatus may be
equipped with a pyrometer (not    ameter, the inside dimension of the guard
ring is ap- shown) and a thermocouple (not shown). The anneal-  proximately
5.7 cm, (2.25 inches) in diameter and the ing temperature is typically
controlled with pyrometer  35  outside dimension of the base, the guard
ring and the sensing, while wafer temperatures up to within a   lid is
approximately 7.6cm, (3 inches) in diameter. For range of 625-675 C are
monitored with a thermocou-  an implanted wafer approximately 7.6 cm, (3
inches) pie, such as a chromel-alumel thermocouple. The   in diameter, the
inside dimension of the guard ring is thermocouple may be mounted in a
suitable manner,  approximately 8.3 cm, (3.25 inches) in diameter and such
as on tray 8 beside the wafer, in contact with an   40  the outside
dimensions of the black-box components underside of the wafer, or embedded
in the wafer.  are approximately 10 cm, (4 inches) In diametereach. In
accordance with the Invention, implanted and  Different respective outside
dimensions may be se- encapsulated wafer 1 prior to being placed on tray 8
lected as well so as to fit a fastening arrangement of is enclosed within
an implement which may be enti-  the tray being used. tied a "black-box".
The implement comprises three   45  Prior to annealing, base 10, is placed
on tray 8, components: a base or plate, 10, forsupporting wafer  guard ring
11 is placed on base 10, the implanted and 1, a guard ring, 11, for
encompassing the wafer, and  encapsulated wafer 1 with the Implanted side
facing a lid or cover, 12, for sealing a cavity formed by the  up is placed
on base 10 within a cavity formed by base and the guard ring. The black box
components  guard ring 11, and then lid 12 Is placed overguard ring are of
a black-body" material which absorbs substan-  50  11 to enclose wafer 1
within the so-formed black-box. 



tially all incident radiation energy (i.e. the emission of  Alternatively,
wafer 1 may be placed on base 10 prior lamps 6) and dissipates the absorbed
energy princi-  to placing the guard ring on the base or the black box
pally by radiation. The black box components should  with wafer 1 may be
assembled prior to placing the also be of a material which Is stable under
operating  black box on the tray. conditions and inert with respect to the
gaseous en-  55  After establishing a flow of dry Inert gas, such as
vironment, e.g. N2. In the illustrative example, the [err], through
isolation tube 4 and, thus, over the black black box components are made of
a material select-  box, wafer 1 was subjected to an RTA. In the partic- ed
from graphite or silicon. Whenever it is desired to  ular example, the
annealing cycle was a three-step 4    7                   EP 0 399 662 B1
8 anneal cycle consisting of a pre-anneal step, main an-  [err] at a
natural cooling rate of about [err]/second, nealing pulsed step and a
post-anneal step, followed  while wafer shown in FIG. 5 was permitted to
cool at by a cool-down as is shown in FIG. 3.              a cooling rate
of about [err]/second. The pre-anneal step is conducted by raising the
Wafer shown in FIG. 4 was annealed inside a temperature to within a range
of from 625 to [err]    5   black box cavity formed by a base of silicon
and a and maintaining this temperature for a period suffi-  guard ring and
a lid of graphite. The topographic dis- cient to preheat not only the box,
but also the wafer  tribution of the damage due to slip lines in this wafer
within the box. This reduces the effects of the thermal  was limited to
only a small boundary region compris- shock to which the wafer would be
exposed upon be-  ing of less than 10% of the surface. Wafer shown in ing
subjected directly to the higher annealing temper-  10  Fig. 5 was annealed
using the same type of the black ature. Preferably, the pre-anneal step is
conducted at  box, but was permitted to cool down from [err] to about[err]
for a period of about 30 seconds. The  about [err] at a slower rate of
cooling ([err]c) main annealing pulsed step is conducted at tempera-  than
the first wafer. The results indicate that under tures ranging from 900 to
[err] for a period suffi-  these conditions, the wafer was totally free of
slip cient to anneal out the damage in the surface of wafer  15  lines. The
reproducibility of this process was estab- 1 caused by the ion
implantation. A period of time of  lished with more than 20 wafers which
were annealed up to 50 seconds could be useful, with a period falling  at
peak temperatures ranging between 925 and within a range of from 5 to 20
seconds being most  [err]. The mere useofslowcoolingratewithoutthe
suitable. Preferably, the main annealing pulse step is  graphite guard ring
and lid was unsuccessful in elim- conducted at 950C peak temperatures for
about 10   20  inating slip lines. Results obtained with a guard ring
seconds. The post-anneal step is conducted at a term-  and lid of silicon
were also highly satisfactory, com- perature within a range of from 825 to
[err], for a  parable to those obtained with the guard ring and lid period
of time sufficient to relieve stresseswhich may  of graphite. be caused by
the high temperature anneal. Prefer-     For comparison purposes wafer
shown in Fig. 6 ably, the post-anneal is conducted by maintaining the   25
was annealed upon a silicon base, but without any pulse-annealed wafer at
about [err] for a period of  guard ring orlid. The slip line density In
this waferwas about 30 seconds. After the post-anneal step, the wa-  so
high as to essentially render it useless for device for is permitted to
cool down to at least 550C at a rate  fabrication. Wafer shown In Fig. 7
was annealed in- of from 5 to [err]/second. Typically the cool-down  side a
cavity of a box formed by a fused [err] guard proceeds at a cooling rate of
approximately about  30  ring and a silicon lid. In this case, although
there was [err]/second or less. Annealed wafers 1 are removed  a slight
reduction in the density of slip lines (relative from heating chamber 3
when their temperature falls  to the density without the guard ring and
lid), more below 200C. After annealing, encapsulant 2 on an-  than 75% of
the wafer was not fit for device use. Re- nealed wafer I may be retained
or, if an unencapsu-  suits obtained with a guard ring of alumina and a
sil- lated surface is desired for subsequent device proc-  35  icon or
graphite lid were also unsatisfactory, compar- essing, the encapsulant may
be removed using       able to those obtained with the guard ring of fused
sil- HF:[err] etching solution.                          ica. To determine
the effectiveness of the main an-     These examples show that the use of a
black-box nealing temperature and time on slip lines, a number  implement
including a guard ring and a lid of a black of wafers were annealed at peak
temperatures rang-  40  body material, such as either graphite or silicon,
ef- ing from 925 to [err] for times varying between 5  fectively eliminates
the slip damage. A guard ring and 20 seconds. All wafers annealed in this
way,   made of fused silica or alumina were found to be in- when examined
with an optical microscope, were en-  effective in preventing the slip
lines. Similarly, unfav- tirely free from thermal damage. In order to
examine  orable results were obtained when using guard ring the wafers for
slip lines, they were etched in molten   45  and lid made of fused silica
or alumina. ([err] KOH for 20 min.                               The
advantage of the three step anneal over a 



The effectiveness of the use of the black box with  two step anneal
including a pre-anneal and a main an- a guard ring and lid of graphite or
silicon in eliminating  nealing step was explored In the following way. A
slip lines is shown In FIGs. 4, 5, 6 and 7. In this ex-  number of 5 cm (2
inch) diameter wafers were split periment, four implanted and encapsulated
wafers  50  into two halves. One piece from each wafer was ac- (shown in
FIGs. 5, 6 and 7, respectively) from the  tivated using a two step anneal
of pre-anneal at same GaAs boule were annealed using the three-step  650C
for about 30s followed by the main annealing cycle including pre-anneal
step at [err] for about 30  at [err] for about 10s. The other piece of the
same seconds, main annealing pulse step with peak term  wafer was annealed
using the three step cycle depict- perature of [err] for about 10 seconds
and post-  55   ed in FIG. 3. Both anneal sets were carried out with anneal
step at [err]for about 30 seconds. Wafers  the black box with base of
silicon and with guard ring shown in FIGs. 4,6  and 7, respectively, were
permit-  and lid of graphite. When examined forslip lines, both ted to cool
from the post-anneal temperature of    pieces were found to be slip-free.
This shows that the 5    9                   EP 0 399 662 B1
10 black box is effective in avoiding slip lines with either  traps did not
form in this process. Otherwise, the two-step or three-step RTA.
presence of EN1 traps would result in lower mobility However, the mobility
and activity characteris-  due to scattering of carriers. Nevertheless, it
could be tics, obtainable from the two-step anneal were not as  also
assumed that if any EN1 trapped defects did re- effective as those
obtainable from the three-step an-   5   suit from the main annealing
pulsed step, they must neal. Activation resulting from either two-step or
have been removed by the post anneal step. Indeed, three-step anneal was
comparable and nearly 100%.  this is supported by the observation by M.
Kuzuhara However, average mobilities obtainable with two-step  and T.
Nozaki, mentioned before, that the EN1 trap anneal were much lower than
with the three-step an-  was annihilated by long term (duration > 25s)
anneal- neal.                                         10  ing. Carrier
concentration versus depth profiles were obtained from C-V measurements on
a mercury probe which was calibrated against a bulk n-GaAs  Claims standard
using Ti-Au Schottky-barrier diodes. Re- sults of C-V measurements yielded
carrier concen-  15  1. Aprocessforfabricating a semiconductor device,
tration versus depth profiles which were in excellent  which comprises
agreement with theoretical LSS profile curves for          subjecting to a
Rapid Thermal Anneal both halves indicating nearly 100%-activation. Atyp-
(RTA) a wafer of semiconductor material having ical depth profile obtained
from three-step annealing  dopant ions implanted into at least one selected
of 7.6 cm, (3 inch) diameter GaAs wafer is shown in  20  area of at least
one surface thereof and a layer of FIG. 8 indicating the nearly
100%-activation. The     an encapsulating material over the said surface,
LSS profile is given by the solid line. The solid curve  said semiconductor
material being selected from represents the theoretical or LSS curve and is
ob-   III-V and II-VI compound semiconductor materi- tained by using the
projected range and projected     als, the said RTA including at least a
main anneal- standard deviation derived from  the Lindhard,  25    ing step
of subjecting the wafer to a temperature Scharft and Schlott theory.
Projected Range Statis-   and for a period sufficient to remove damage
tics, Semiconductors and Related Materials, 2nd Edi-  caused to the said
surface by the ion implantation tion, by James F. Gibbon, William S.
Johnson and      and to activate dopant ions in said at leastone se- Steven
W. Mylroie; Halstead Press, John Wiley and     lected area of the said
surface of the wafer, Sons, Inc., New York.                         30.
wherein Hall effect and sheet resistivity measurements          priorto
said RTA, enclosing the waferwith- were performed using the Van der Pauw
method to      in a cavity of a container, hereinafter referred to examine
the sheet carrier concentration ([err]) and      as a "black-box",
comprising a base (10), an an- average sheet mobility ([err]) of the
implanted active   nular guard ring (11) and a lid (12), said base, layer.
Hall measurements on the two-step annealed   35  guard ring and lid
comprising black-body material pieces gave average mobilities ranging from
1500-     stable under annealing conditions, the black- 2000 [err], whereas
the three-step annealed sam-     body material of the base, the guard ring
and the ples had mobilities between 2500-3000 [err]. This    lid of the
black-box comprising material selected difference may be explained as
follows. Local varia-  from graphite and silicon, tion of mobility on a
given wafer of GaAs is commonly  40  internal surfaces of said black-box
being observed and related to the variation of dislocations  encapsulated
with a layer of encapsulating mate- across the sample. There is a
possibility of formation  rial which may or may not be similar to the
encap- 



of trapped lattice defects during the anneal in view of  sulating material
on the said at least one surface the fact that rapid heating and cooling
steps ate in-  of the wafer, the encapsulating material on said volved in
the RTA process. The presence of such trap-  45  Internal surfaces being
selected from the group ped defects would result in poor mobility of
majority  consisting of phosphosilicate glass, borosilicate carriers in the
implanted layer. Thus, low measured   glass, a glass consisting of 3%
[err], 1% [err] mobilities on nearly 100%-activated layers obtained   and
96% [err], by weight (e.g. [err]) and [err], with the two-step anneal cycle
(pre-anneal step at         CHARACTERIZED IN THAT 650Cfor about 30 seconds,
followed by main anneal-  50    said RTA includes a pre-anneal step pre-
ing pulsed step at [err] for about 10 seconds) may    ceding said main
annealing step, the pre-anneal be attributed to the presence of EN1 traps.
step being conducted at a fixed temperature and Activated layers with
reproducibly high mobility  for a period sufficient to preheat not only the
were obtained by the use of a three step anneal cycle  black-box, but also
the waferwithin the black-box in which the final step consisted of
[err]anneal for  55  so as to reduce any thermal shock to the semi- about
30 seconds. Since higher mobilities are ob-     conductor material which
may result from the served in wafers activated using a three-step anneal
higher temperature of the main-annealing step, cycle, it is not
unreasonable to assume that the EN1  and a post-anneal step following the
main anneal-    9                   EP 0 399 662 B1                 10
black box is effective in avoiding slip lines with either  traps did not
form in this process. Otherwise, the two-step or three-step RTA.
presence of EN1 traps would result in lower mobility However, the mobility
and activity characteris-  due to scattering of carriers. Nevertheless, it
could be tics, obtainable from the two-step anneal were not as  also
assumed that if any EN1 trapped defects did re- effective as those
obtainable from the three-step an-   5   sult from the main annealing
pulsed step, they must neal. Activation resulting from either two-step or
have been removed by the post anneal step. Indeed, three-step anneal was
comparable and nearly 100%.  this is supported by the observation by M.
Kuzuhara However, average mobilities obtainable with two-step  and T.
Nozaki, mentioned before, that the EN1 trap anneal were much lower than
with the three-step an-  was annihilated by long term (duration > 25s)
anneal- neal.                                         io  ing. Carrier
concentration versus depth profiles were obtained from C-V measurements on
a mercury probe which was calibrated against a bulk n-GaAs   Claims
standard using Ti-Au Schottky-barrier diodes. Re- sults of C-V measurements
yielded carrier concen-  15  1. A process for fabricating a semiconductor
device, tration versus depth profiles which were in excellent  which
comprises agreement with theoretical LSS profile curves for
subjecting to a Rapid Thermal Anneal both halves indicating nearly
100%-activation. Atyp-  (RTA) a wafer of semiconductor material having ical
depth profile obtained from three-step annealing  dopant ions implanted
Into at least one selected of 7.6 cm, (3 inch) diameter GaAs wafer Is shown
in  20  area of at least one surface thereof and a layer of FIG. 8
indicating the nearly 100%-activation. The     an encapsulating material
over the said surface, LSS profile is given by the solid line. The solid
curve  said semiconductor material being selected from represents the
theoretical or LSS curve and is ob-    III-V and II-VI compound
semiconductor materi- tained by using the projected range and projected
als, the said RTA including at least a main anneal- standard deviation
derived from  the Lindhard,  25    ing step of subjecting the wafer to a
temperature Scharft and Schlott theory. Projected Range Statis-   and for a
period sufficient to remove damage tics, Semiconductors and Related
Materials, 2nd Edi-  caused tothe said surface bythe ionimplantation tion,
by James F. Gibbon, William S. Johnson and      and to activate dopant ions
in said atleastone se- Steven W. Mylroie; Halstead Press, John Wiley and
lected area of the said surface of the wafer, Sons, Inc., New York.
30      wherein Hall effect and sheet resistivity measurements
priorto said RTA, enclosing thewaferwith- were performed using the Van der
Pauw method to       in a cavity of a container, hereinafter referred to
examine the sheet carrier concentration ([err] and      as a "black-box",
comprising a base (10), an an- average sheet mobility ([err]) of the
implanted active   nular guard ring (11) and a lid (12), said base, layer.
Hall measurements on the two-step annealed   35  guard ring and lid
comprising black-body material pieces gave average mobilities ranging from
1500-     stable under annealing conditions, the black- 2000[err], whereas
the three-step annealed sam-     body material of the base, the guard ring
and the pies had mobilities between 2500-3000 [err]/Vs. This   lid of the
black-box comprising material selected difference may be explained as
follows. Local varia-  from graphite and silicon, 



tion of mobility on a given wafer of GaAs Is commonly  40   internal
surfaces of said black-box being observed and related to the variation of
dislocations  encapsulated with a layer of encapsulating mate- across the
sample. There is a possibility of formation  rial which may ormay not be
similarto the encap- of trapped lattice defects during the anneal in view
of  sulating material on the said at least one surface the fact that rapid
heating and cooling steps ale in-  of the wafer, the encapsulating material
on said volved in the RTA process. The presence of such trap-  45  internal
surfaces being selected from the group pod defects would result in poor
mobility of majority  consisting of phosphosilicate glass, borosilicate
carriers in the implanted layer. Thus, low measured   glass, a glass
consisting of 3% [err], 1% [err] mobilities on nearly 100%-activated layers
obtained   and 96% 8102, by weight (e.g. [err]) and[err], with the two-step
anneal cycle (pre-anneal step at          CHARACTERIZED IN THAT [err]
forabout30 seconds, followed by main anneal-  50       said RTA Includes a
pre-anneal step pre- Ing pulsed step at [err] for about 10 seconds) may
ceding said main annealing step, the pre-anneal be attributed to the
presence of EN1 traps.           step being conducted at a fixed
temperature and Activated layers with reproducibly high mobility  for a
period sufficient to preheat not only the were obtained by the use of a
three step anneal cycle  black-box, but also the wafer within the black-box
In which the final step consisted of [err] anneal for  55  so as to reduce
any thermal shock to the semi- about 30 seconds. Since higher mobilities
are ob-     conductor material which may result from the served in wafers
activated using a three-step anneal  higher temperature of the
main-annealing step, cycle, it is not unreasonable to assume that the EN1
and a post-anneal step following the main anneal- 6    11
EP 0 399 662 B1                    12 ing step, the post-anneal step being
conducted at  und Dotiermittellonen im besagten mindestens a temperature
and for a period suffcient to re-   einem ausgewahiten Bereich der besagten
Ober- lieve stresses which may result from the main-     fluche des Wafers
aktiviertwerden, wobel vor der annealing step, followed by a cool down, and
besagten RTA der Wafer In einem Hohiraum ei- wherein,
5       nes hiernach als "Schwarzer Kasten" bezeichne- when said compound
semiconductor ma-         ten Behalters mit einem Boden (10), einem ring-
terial comprises GaAs, said RTA Includes expos-    formigen Schutzrlng (11)
und einem Deckel (12) ure of the black-box with the wafer therein in suc-
eingeschlossen wird, wobel der besagte Boden, cession to the pre-anneal at
temperatures rang-    Schutzring und Deckel aus Schwarzkorpermate- ing from
[err] to 675C for a period of from 20   10  rial bestehen, das
unterAusheilbedingungen sta- to 40 seconds, the main annealing step at a
peak   bil ist, wobei das Schwarzk5rpermaterial des Bo- temperature within
a range of from 900C to        dens, des Schutzringes und des Deckels des
1000C for a period of from 5 to 20 seconds, and   schwarzen Kastens aus aus
Graphit und Silizium the post-anneal at temperatures ranging from
ausgewahitem Material bestehen, 825C to 875C for a period of from 25 to 35
sec-  15   wobel Innenflachen des besagten schwar- onds, followed by cool
down at a rate of from [err]  zen Kastens mit einer Schicht von Verkapse-
to [err] per second.                               lungamaterial verkapselt
sind, das dem Verkap- selungsmaterial auf der besagten mindestens ei- 2.
The process of claim 1 in which said compound      nen Oberfilche des
Wafers ahnlich sein kann semiconductor is GaAs, said RTA includes ex-  20
oder auch nicht, wobel das Verkapselungsmate- posure of the black-box with
the wafer therein in  rial auf den besagten Innenflachen aus der Reihe
succession to the pre-anneal at a temperature of   Phosphorsilikatglas,
Borsilikatglas, elnem ge- about 650C for about 30 seconds, the main an-
wichtsmaiig aus 3% B203, 1% Al203 und 96% nealing at a peak ternperaturs of
about [err] for  [err] bestehenden Glas (z.B. VycorO) und 812 about 10
seconds, and the post-anneal at a tem-  25  ausgewihit wird, dadurch
gekennzeichnet, dag perature of about 850C for about 30 seconds,      die
RTA einen dem besagten Hauptausheilungs- followed by said cool-down.
schritt vorangehenden  Vorausheilungsschritt enthalt, wobel der
Voraushellungsschritt be! el- 3. The process of claim 1 or 2 in which said
cool-    ner festen Temperatur so lange durchgefflhrt down is at a rate of
up to [err] per second.  30    wird, daM nicht nur der schwarzen Kasten,
son- dern auch der Wafer Im schwarzen Kasten vor- 4. The process of claim 1
or 2 in which said cool-    geheizt wird, um einen etwaigen Wlrmeschock
down is at a rate of about 10C per second.        des Halbleitermaterials
zu mildern, der sich aus der h8heren Temperatur des Hauptausheilungs- 5.
The process of any of the preceding claims In  35  schritts ergeben kann,
und einen dem Hauptaus- 



which the encapsulating material comprises         heilungsschritt
folgenden  Nachausheilungs- phosphosilicate glass comprising 2-10 mole per-
schritt, wobei der Nachausheilungsschrittso Ian- cent [err].
ge bei elner solchen Temperaturausgefalhrtwird, daB Spannungen beseitigt
werden, die sich aus 40      dem Hauptaushellungsschritt ergeben konnen,
Patentanspruche                                       gefolgt von elner
Abkilhlung, und wobel, wenn das Halbleltermaterlal der besagten Verbindung
1. Verfahren zur Herstellung einer Halbleltervor-     aus GaAs besteht, die
besagte RTA folgendes richtung, bel dem ein Wafer aus Halbleiterinate-
umfaBt daB der schwarze Kasten mit dem darin rial, bei dem
Dotiermittelionen in mindestens el-  45  befindlichen Wafer nacheinander
der Voraushel- nen ausgewahiten Bereich mindestens einer         lung bel
Temperaturen im Bereich von 625C bis Oberflache desselben implantlert sind
und des      875Cftlreine Zeltdauervon 20 bis 40 Sekunden, eine Schicht von
Verkapselungsmaterial Oberder     dem Hauptausheilungsschritt bel elner
Spitzen- besagten Oberflache aufweist, einer schnellen     temperatur im
Bereich von 900C bis 1000C fur thermiachen Ausheilung (RTA - Rapid Thermal
so    eine Zeitdauer von 5 bis 20 Sekunden und der Anneal) unterworfen
wird, wobel das besagte        Nachausheilung bei Temperaturen Im Bereich
Halbleitermaterial aus Hartleitermaterialien mit  von 825C
bls875CfireineZeitdauervon25bis R3B5 und A2B.-Verbindungen ausgewahIt wird,
35 Sekunden sowle danach einer AbkOhlung mit wobel die besagte RTA
mindestens einen Haupt-      einer Geschwindigkelt von 50C bis 50C pro Se-
ausheilungsschritt umfait, bel dem derWaferso  s5  kunde unterworfen wird.
lange daB einer solchen Temperatur ausgesetzt wird, durch die
lonenimplantation an der besag-  2. Verfahren nach Anspruch 1, wobel der
Verbin- ten Oberflache verursachte Schaden behoben         dungshalbleiter
GaAs ist, die besagte RTA fol- 7 11111111 111111 111111111111111 *   C   L
M   S     *    13                 EP 0 399 662 B1                 14 gendes
umfalt dall der schwarze Kasten mit         moins une surface de la
tranche, le mat6riau dem darin befindlichen Wafer nacheinander der
d'encapsulation sur lesdites surfaces internee Vorausheilung mit elner
Temperatur von ca.         etant choisi dans le groupo incluant le verre de
650Cfurca. 30 Sekunden, der Hauptausheilung       phosphosilicato, le verre
de borosilicate, un verre bei einer Spitzentomperaturvon ca. 95(0Cfrirca.
s  consistant en 3 % de B203, I % de A1203 st 96 % 10 Sekunden und der
Nachausheilung bel einer      de SiO2, en poids (par ex. VycorO ) et Si02,
Temperatur von ca. 8500C fur ca. 30 Sekunden            CARACTERISE EN CE
QUE sowle danach der besagten Abkiihlung unterwor-          ladite RTR
incdut une 6tape de pr6-recuis- fen wird.
son prec6dant ladite Mtaps de recuisson principa- 10     le. I'etape de
pr6-recuisson 6tant menee A une 3. Verfahren nach Anspruch I oder 2, wobei
die be-    temperature fixe et pendant un temps suffisant sagte Abkflhlung
mit einer Geschwindigkeit von     pour prechauffer non seulement la botte
noire, bis zu 300C pro Sekunde erfllgt.                  mals aussi la
tranche a l'int6rieurde la bolts noire de facon A reduire tout choc
thermique occasion- 4. Verfahren nach Anspruch 1 oder 2, wobei die be-  15
ne au mat6riau semi-conductour qui pourrait re- sagte Abkulhlung mit olner
Geschwindigkoit von     sulter de la temperature plus eleveo de l'etape de
ca. 10C pro Sekunde erfolgt.                     recuisson principale, et
une etape de post- recuisson suivantl'etape de recuisson principale, 5.
Verfahren nach einem der vorhergehenden An-       I'tape de post-recuisson
6tant men6e A une tem- sprOche, wobei das Verkapselungsmaterial  20
perature et pendant un temps suffisant pour al- Phosphorsilikatglas mit
2-10 Moiprozent P205      leger les contraintes qui pourralent r6esulter de
umfalt.                                           I'etape de recuisson
principalse, suivie par un re- froidissement et dana laquelle, quand ledit
mat6riau semi-conducteur Revendications                                25
compose comprend GaAs, ladite RTR Inciut une exposition a la bolte noire
avec la tranche qui s'y 1. Procede de fabrication d'un dispositif A
semicon-  trouve A la sulte de la pre-recuisson A des tem- ducteur, qui
comprend I'etape consistant A sou-    peratures allant de 625C A 675C pour
une du- mettre a une Recuisson Thermique Rapid.           rMe de 20 a 40
secondes, I'btape de recuisson 



(RTR) une tranche de mat6riau semi-conducteur  30  principale A une
temperature de point. dans une ayant des ions dopants implantes dans au
moins     gamnme allant de 9000C A 1000C pour une dures une zone choisle
d'au momns une de ses surfaces   de 5 A 20 secondes et la post-recuisson A
des et une couche de mat6riau d'encapsulation aur     temperatures sllent
de 825C a 875C pour une ladite surface, ledit mat6riau semi-conducteur
dur6e de 25 A 35 secondes, suive par un refrol- etant choisi parml les
materiaux  semi-  35      dissementA un taux allant de 5C et 500C parse-
conducteurs composes III-V et II-Vi, laditb RTR    conde. incluant au moins
une etape de recuisson princi- pale consistant A soumnettre la tranche A
une tem-  2. Proced6 de la revendlcation I caracterise en co perature et
pendant un tempssuffisant pour reti-   quo ledit semi-conducteurcompos6 est
GaAs, la- rer les degAts occasionnes A ladite surface par  40  dite RTR
inciut 1'exposition de la bolte noire avec l'implantation d'ions et pour
faire agir les ions do-  la tranche qui s'y trouve A Ia suite de la pr6-re-
pants dans au mons une dite zone choisle de la-   cuisson a une tempersture
d'environ 850C pen- dite surface de la trenche, caracterise par l'etape
dant environ 30 secondes, A la recuisson princi- consistent A
pale A une temperature de point. d'environ avant ladite RTR, enfermer la
tranche   45   950WC pendant environ 10 secondes et Ala post- dans uno
cavit6 d'un conteneur, appele ici bolte  recuisson A une tbmperature
d'environ 8500C noirew, compronant une embase (10), une paroi     pendant
environ 30 secondes, suivi dudit refrol- laterale annulaire (11) et un
couvercie (12), les-  dissement. dits embase, paroi laterale et couvercle
compre- nant un mat6eiau encore noir stable dans los  so  3. Procede dela
rovendication I ou 2 caractrise en conditions de recuisson, le matefiau
encore noir   ce quo ledit refroidissement s'effectue A un taux de
l'embase, de la parol laterale et du couvercle  allantjusqu'A 30C par
secondo. de la bolte noire compronant un mateirau cholsi A partir du
graphite et du silidcum,           4. Proced6 dela revendication I ou 2
caractiris oen les surfaces Internee de ladite bolt. noire  cs  ce quo
ledit refroldissement s'effectue A un taux etant encapsulees avec une
couche de mat6riau     d'environ 10C par seconde. d'encapsulation qui pout
ou ne pout pastre si- milaire au matefiau d'encapsulation sur ladite au  5.
Procede de l'une quelconque des revendications 8    15                  EP
0 399 662 B1                   16 pric6dentes caract6rish en ce qua le
mathriau d'encapsulation comprend du verre de phospho- silicate comprenant
du P205 au taux de 2-10 mo- les pourcent 5 10 15 20 25 30 35 40 45 50 55 9
1111111 1111111111111111 *   C   L   M   S   *    


