' 159159 Method for Thermally Treating Sem conductor Wafers The resent

i nvention relates to a nethod for thermally treating 5 sem coﬂﬁmmmmnmﬂm ’m
wafers in a reaction chanber. Thermal treatment, in addition t

confroll ed tenperature variation for the techni cal processing of easesos
sem conductor substrate, is also understood to nean all further processes
that occur in the course of 10 this treatnent, such as, for exanple,

chem cal reactions, structural changes, or ot her changes in phym;:alcI R
characteristics of the JUEL & S 1at. 2at e

met hod for therrrallytrﬂﬁﬁ?;cpﬂ%u Comaue S s L %, 15
for exanple, in US Patent Nr. 5,935, 650. Wth th| s nethod, a sem conduct or

substrate that is be tre ted | a eated to prescri bed
tenperature, whil etr?'ﬁe §%§)es’1réﬁv§"§9n g‘?'ﬂ "—‘I%nq% Br %P@@e@rg&em@t‘%gﬁa&n@
When the prescribed tenperature is reached, the substrate is held at this
terrperaSure for a Bf rﬁ{é-!q?fd"’@fer% i reﬁ‘ﬁﬂ?ﬂ ghampbetibsequent |y rapidly
cooled off to a | ower tenperature, at which it is held. Wile the
substrate is held at this [ower tenperature, an exchange of the gas
atmosphere takes place, and the substrate is subsequently rapidly heated

within this new at masphal @rebﬂnént A efiticte to e (coptrolledmeRperattire Varidgos at

this tenperature for a fixed
for the technlcal processing of a semiconductor substrate, is also

understood to mean all further processes that occur in the course of
10 this treatment, such as, for example, chemical reactions, structural
changes, or other changes in physical characteristics of the

semiconductor substrate that is being treated.

A method for thermally treating semiconductor substrates is disclosed,
15 for example, in US Patent Nr. 5935650. With this method, a
semiconductor substrate that is to be treated is rapidly heated to a
prescribed temperature, while the substrate is held in a prescribed gas
atmosphere. When the prescribed temperature is reached, the
substrate is held at this temperature for a fixed period of time, and is
20 subsequently rapidly cooled off to a lower temperature, at which it is
held. While the substrate is held at this lower temperature, an
exchange of the gas atmosphere takes place, and the substrate is
subsequently rapidly heated within this new atmosphere to a
prescribed further temperature, is held at this temperature for a fixed
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Literal Translation of PCT/EP00/09534-Arthur Pelzmann - Sleag - AZ. 3147
*@00002* period of time, and is subsequently again cooled off. Thls

speci alized manner of proceeding with two successive heatings of "the o
substrate in different gas atnospheres is utilized in order to forn1&h!nh
oxide | ayers upon the sem conductor substrate. 5 DE-A-199 20 871.9, I C
bel ongs to the sane applicant and is not pre-published, furthernore

[ treati ng sem conductor substrates, such as, for
describes thernally g such as, for

GN 111 - .S56m ugtor.. Wth these sem con _ e
reégglp It g’ t ﬁe pr obl er%\étrﬁgtna,’ p@ﬁg' ébgrﬁ)lsé' Pﬁq'éeri}_ ggﬁ"ﬂaﬁf@?‘i"g?ﬁr Tidiseapemialized
magnesi um the nag L um afcce tors ar. ‘Basswat ed by hydrogen and are t hus
el ectrically inactiVengd WVE?@%'HQ "E"ﬁ?é QSEecesve heatings of the substrate in

' rogen bonds nust be broken up, and the then unbound hydrogen
guagtn eE'euST P ?‘/Ssgg 6Pdf?ef8f‘t gas aimespbatascisoutiizedsinaorden to foren thin oxité exrers
good p 15 conductivity of the doped |ayer. These bonds are conventionally
broken by thernal | }dppﬂéheisﬂmi(:tbmdumoeswbét;awvth t he aforenenti oned GaN,
which is doped with magnesi um the nagnesi um hydrogen bonds break up
approxi fratel y at tenperatures over 400C. At these t enper at ur es, howeveri
t he hydrogen has a short diffusion |ength and 2U thus hardly diffuses ou

"n the sem conduct By pa 20 BT SR e KiEfonds o the splie, Bppliéatiand T ot
sem conductor cryspal ZBEAMNS YORETSS dLiind t%ermally treating semiconductor
substrates, such as, for example, a GaN Ili-V semiconductor. With
these semiconductors there results the problem that, for example in a
10 surface layer doped with magnesium, the magnesium acceptors are
passivated by hydrogen and are thus electrically inactive. To
overcome this electrical inactivity, the magnesium-hydrogen bonds
must be broken up, and the then unbound hydrogen must be diffused
out of the semiconductor crystal in order to achieve a good p-
15 conductivity of the doped layer. These bonds are conventionally
broken by thermally treating the material. With .the aforementioned
GaN, which is doped with magnesium, the magnesium-hydrogen
bonds break up approximately at temperatures over 400°C. At these
temperatures, however, the hydrogen has a short diffusion length and
20 thus hardly diffuses out of the GaN crystal. At higher temperatures, the
diffusion length increases in the semiconductor crystal. However, at

these temperatures the semiconductor crystal begins to dissociate, so
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that the tenperature of the substrate cannot be increased to any desired
level . Wth GaN, for exanple, nitrogen is released fromthe crystal, so
that bl ank sections or vacancies result that counteract the desired
p-tonductivity of the crystal. 5 Thus, with the thermal treatnent of
substrates at high tenperatures, two opposing processes occur that become
nore pronounced as the tenperature of the crystal increases, whereby on

e 0 0 e PRI i O e, AT 4 e

inhibited. 10 In this connection, 1t iS node at™1 A ettt
t he hydrogen for | Al il the dissociation o e crysta

i oo tha wion Ceeted, kA8 Gl By 1 Srneleo A Shilepred\fras the
871, despite the undesired diiﬁOﬁiation process, the sem conductor crystal

15 is briefly heat &¥/Sela 9 Yt blank seatipns,prvacensies resuly thak qountgract the

tenperature in order to pronote the diffusi n?-out of hydrogen and to thus
achi eve an i npr ovedefired aerndugtivify of theacrysta on to the fact that
tenperatures at or above the thermal 20 dissociation tenperature of
sem conductor materials can be damaging, it is inportant to also keep the
overall thermal stress of the sem conductor material to a mnimum
Thus, with the thermal treatment of substrates at high temperatures,
two opposing processes occur that become more pronounced as the
temperature of the crystal increases, whereby on the one hand the p-
conductivity increases, while on the other hand it is inhibited.
10
In this connection, it is noted that the diffusion effect of the hydrogen

forms more rapidly than the dissociation of the crystal sets in, so that
with the method described in the aforementioned DE-A-199 20 871,
despite the undesired dissociation process, the semiconductor crystal
15 is briefly heated via a special temperature curve to a very high
temperature in order to promote the diffusing-out of hydrogen and to

thus achieve an improved p-conductivity.

In addition to the fact that temperatures at or above the thermal
20 dissociation temperature of semiconductor materials can be damaging,
it is important to also keep the overall thermal stress of the

semiconductor material to a minimum.
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US- A- 4, 201, 559 di scl oses a nethod for producing agl ass-ceram c, according
to which a thin glass body, such as aglass fiber, is converted info

agl ass-ceram c body by thermal treatnment. The 5 thernmal treatnent conprises
a plurality of heating and cooling cycles, whereby the heating is effected
via-a split |laser beam DD A-226 437 shows a nethod for producing

hi ghl y-oriented structures in hal ogenated vinyl polynmers by an alternating
heating of a polymer 10 body in an electrical field. 15 Proceeding fromthe
af orenenti oned docunents, it is an object of the present invention to

provide a sinple d that aples an effective treatnent of )
seni conduct or subrsrtﬁ% e—g.@éﬁg&ﬁ%@gs%@ PP.%*F‘H& Fogtpr $ICiNGe A Btassmaramicit
to the present inventio({l tthis qbject is realized with a method of the
af or ement i oned t yp&CFRIANG: 1 Mich a¢ it olase | beds sueh heasita nglaps ofibert is
| east portions of the sem conductor substrate to at |east three 20
tenperature peaks K0Vededpintepai alasswesaming heidysdy themeietreatnent. n Fhe
doing, the desired treatnent result is pronoted and accel erated by

al ternabing hi gh atitermal treatmenttoongwriseSha plarelis! 6f Reatiy aRKSSdIhg cycles,

whereby the heating is effected via a split laser beam.

DD-A-226 437 shows a method for producing highly-oriented structures

in halogenated viny! polymers by an alternating heating of a polymer

10 body in an electrical field.

Proceeding from the aforementioned documents, it is an object of the
present invention to provide a simple method that enables an effective
treatment of semiconductor substrates and reduces the thermal stress

15 thereof.,

Pursuant to the present invention, this object is realized with a method
of the aforementioned type in that the treatment includes the heating-
up of at least portions of the semiconductor substrate to at least three
20 temperature peaks having appropriate cooling phases therebetween.
In so doing, the desired treatment result is promoted and accelerated

by alternating high and low temperatures. This acceleration makes it
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4 Literal Translation of PCT/EPO0/09534- Arthur Pel zmann - Steag - AZ. 3147
possible to mnimze the overall thermal stressing of the sem conductor
substrate. In particular with sem conductor materials of the

af orenenti oned type, the diffusing-out of hydrogen is pronoted and thus an
i mproved p-conductivity is achieved. Since the diffusion effect 5 of the.
hydrogen is increased nore rapidly at high tenperatures than does the

di ssociation of the crystal set in, with the above nethod the desired

permitted or 1s peEiia g kS sheBughl BEimAl Sirassing ot e porvsanductor

permtted or is permt o onl
particularly prefer he ipvention, the tenperature

r epbodi ment_ _of
variation has a f resé‘@gﬂéggnodllﬂ' aP@ﬁtfﬁut]%{n WHRI isemieondurtar amatarialsd/afr the
keying ratio nodul ation in order to optimally adapt the thermal treatnent
and to achieve t he ig@mentioned, fype, the diffusiboeout of hydragenecisy phorgbted and
t enperature peak can be established in order to rapidly 15 initiate the
desired process, whhéanHepsoved pstoneluctivibe isaachievedalSincd theediffus s foct
anplitude in order to maintain the desired process. In order to control the

result 6f the ther whitherrealrogen is andreases mord RSN eéétﬁg@hafenhfer%ﬂﬂg th@gt he

reacti on chanber and surrounds the 20 sem conducto trate 1s pref bly
varied. In so doi ngoesthBadikd L L 0N nd(p%{ the pressyre of
a fluid in the reaction cﬁ(gg %iéﬁ(?r}sotf/??? %W%’S%%tdﬁr “ﬁtg ?l?f?‘éeep‘?‘?iéoaégﬁr ed
effect. The variatya,8§ dififsidn effect is promoted while the non-desired dissociation

is not permitted or is permitted to only a slight extent.

10 Pursuant to a particularly preferred embodiment of the invention, the
temperature variation has a frequency modulation, an amplitude
modulation and/or a keying ratio modulation in order to optimally adapt
the thermal treatment and to achieve the desired result. Fbr example,
first a very high temperature peak can be established in order to rapidly

15 initiate the desired process, while the successive temperature peaks

have a lower amplitude in order to maintain the desired process.

In order to control the result of the thermal treatment, a process
atmosphere that is found in the reaction chamber and surrounds the
20 semiconductor substrate is preferably varied. In so doing, in particular
the composition and/or the pressure of a fluid in the reaction chamber

is varied in order to optimize the desired effect. The variation of the
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pr-ocess atnosphere preferably has a frequency nodul ation, an anplitude
nodul ati on and/ or a keying nodul ation. In so doing, the process atnosphere
is preferably essentially kept constant for a tine interval that includes
at | east two successive tenperature peaks in 5 order to achieve constant
treatnent effects. At least at one point in time during the thernal
treatment the process atnosphere preferably has an underpressure in order

to pronote a diffysiLdo I fromthe sepiconductor substrate
and to 10 reduce t eb%sf %tp%pﬁﬁ?%fgf%ﬁb? i3S fofiequencnmegdaations sane

of the process ga here can al sp be advant ageous, whereby the
partial pressure O%"ﬁ#lggiﬁgg@wéﬁom RN g kewsg medulationsplerse thing, itke

di ffusing out is as_|ow as possible. As a result, for exanple the

di ssoci ation rate BfO%8%§ aly 8 Ig Mefesablyressentially kept donstanaforaa tme
prescribed tenperature. One exanple is GaN: My, which is produced in a N2
at mosphere with ovElgi@dhak incudesiat lebst Hiofswotiesenei terhpsrateOp8SRs G7S
at nosphere is as |ow as possible. For a good control of the process, the

t enper abur e changeouder tolachvectwgantatedthifonteffeg@gs at mosphere have a
controll ed phase relationship, in particular a shifting. In so doing, the
phase shift can be 6 Literal Translation of PCT/EP00/09534- Arthur Pel znann

- Sieag - AZ 3147
At least at one point in time during the thermal treatment the process

atmosphere preferably has an underpressure in order to promote a
diffusing-out of elements from the semiconductor substrate and to
10 reduce the diffusing-in of impurities. However, an overpressure of the
process gas atmosphere can also be advantageous, whereby the
partial pressure of the substance in the process gas atmosphere that is
diffusing out is as low as possible. As a résult, for example the
dissociation rate of the substrate can be considerably reduced at a
15 prescribed temperature. One example is GaN:Mg, which is produced
in a N2 atmosphere with overpressure, whereby the H, fraction in the

process gas atmosphere is as low as possible.

For a good control of the process, the temperature change and the
20 change of the process atmosphere have a controlled phase

relationship, in particular a shifting. In so doing, the phase shift can be
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ir i i bl e process control, the
sired, i.e. between 0 and 2n. For a flexib
Sﬁag: shifting is nodul ated during the treatnent. Pursuant to one preferred
enbodi ment, the tenperature change is 5 effected by el ectronmagnetic
radi ation, since this enables rapid and eaS|Ié c?ntrong?Lgtéengﬁgﬁt;ge Cor
' : i i i conduct or su : :
changes, especially of portions of a senic I _ 0
ternatively thereto, e
exanple, only a surface region. In addition or a .
tenggrature ?s effected by contact with a fluid and/or a fixed body. In

: i i t enper at ure changes can be
particul ar during t%g&g&é@ﬂ%l%tg{ef npﬁ%iﬁsagf r}fqgra @géﬁwﬁ Brogassi eantrol gtie
accelerayed by contac ) -, especially a doped
In so doing, prefer bl%ﬁ@ﬁ. | east &nle surfacet | aye K tp ! y moarhel
surface layer of tH¥W@ INgt s MoGuigiesk duringnthertieatmantachi eve” a

i er, such as, for exanple, the diffusing-out of one elenment or a
gﬁlatsgl iSl ?c/)nver sion. Pursuant to one enbodi ment of the inventi ﬁn, t he
tenperature of at |east one tenperature peak is greater than the e
di ssoci ati on t enperRirguanbto tone qubferreat embodinéat, tHe 'té?ﬁb@fétu%é“rcrg?gbgbis
desired effect. In this connection, the tenperature peaks are p y

. : Cop . re
o "t he substrat e ooctrs s PILIrRraa Al Sﬁﬁﬁﬁi SE%E{ E&%oi@&é%ioraﬁ i
- Steag - i ) i i
sty on BN Y RO M o o i «
treatment results mm'ﬁ&gﬂrﬁﬁ%ﬁﬂ*eé@% SUeft @safarsexatoplec asly arsurfacepegidrur e
peak is In addition or alternatively thereto, the temperature is effected by
contact with a fluid and/or a fixed body. In particular during the cooling-
10 off phases, the temperature changes can be accelerated by contact
with a fluid, such as, for example, an inert gas. In so doing, preferably
at least one surface layer, especially a doped surface layer of the
substrate, is heated in order to achieve alterations of this layer, such
as, for example, the diffusing-out of one element or a phase
15 conversion.  Pursuant to one embodiment of the invention, the
temperature of at least one temperature peak is greater than the
dissociation temperature of the substrate in order to rapidly initiate the

desired effect. In this connection, the temperature peaks are

preferably kept so brief that essentially no dissociation of the crystal

20 structure of the substrate occurs.
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>n 750 and 1050C. At these tenperatures, for exanple the
ngsgﬁgﬁ?ioned magnesi um hydrogen bonds are conpletely broken up agdihhe
diffusion lengths of the hydrogen atonms are significantly Lngrease an
order to pronote and to accelerate a diffusing-out of the hydrogen fron
the doped surface |ayer of a semiconductor material. 1 ~ The tgggg;amhich
between two tenperature peaks is preferably cooled to 300 to a uhi ¢
i s adequate to suppress a dissociation of, for exanple, a sem condu

' been initiated, such
fer, and at the tine t rocesses that have _
\gg efor exanpl e, thlglgdlefr\gﬁ'%m ﬁS&?”IﬂeraWﬂb?@fﬁ,'fa?figgefg?Ig$%$tgﬁ¢; anun'g);gt iy
: nt, the sem conductor substrate . '
'togog?/t (raafjih:t ;[ (r)ﬁfit In%ef:gf‘d?lo%vé?fge'él t» mivamzagdbes thermabj sitéssihie of the
sem conductor substrate to a magnetic and/or electrical field.

the | §EENSORJuionadbsirates.elld ardee tw bhieveeyaou teatrdnt R ult
EE;EB:L?D:g a further enbodinent. 8 Literal Translation of PCT/ EPO0/09534-

Arthur Pel zmann - Stibagemisandictdr sUbstiateenhi qBayl ldngsgg@g;g}ﬁm% Zp%aqi s

i i [ | he aid of preferre | men
explained in greater detail with t (
referende to the fbetwesn 7B00URdA650°T. F AL el forhSerstltes, for example the

aforementioned magnesium-hydrogen bonds are completely broken up
and the diffusion lengths of the hydrogen atoms are significantly
increased in order to promote and to accelerate a diffusing-out of the
hydrogen from the doped surface layer of a semiconductor material.
10 The temperature between two temperature peaks is preferably cooled
to 300 to 600°C, which is adequate to suppress a dissociation of, for
example, a semiconductor wafer, and at the same time the processes
that have been initiated, such as, for example, the diffusing-out of

hydrogen, are maintained.

15
To promote the treatment, the semiconductor substrate is preferably
subjected to UV radiation. It is, however, also advantageous to subject
the semiconductor substrate to a magnetic and/or electrical field.
Furthermore, the intensities and/or field strengths are modulated
20 pursuant to a further embodiment.
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' tenperature curves plotted pursuant to the present
{nagngsog?aEiZUSe 2ng graph of a further tenperature curve pursugnt to the
present invention, especially for processing GaNMsG semconduc'élp][f on
substrates; Figure 3 a plot that shows the dependency of the [ USIkS'-
length of H+ in p-GaN as a function of the nunber of tenperaturefpeat .
Figure 4 a graph that shows the dependency of the copductlv!ty o] 5p- yp ]
GaN as a function of the nunber of tenperaturetpfgkfhean?eggggr?nveﬁt?gﬁp
20 The Figures 1A t o B eRson oV syBisbeRit, B naiRet 1§ cfoste siate Wb thene

20 The Figures 1A to 1C show grapns

e et e 3 SAhEOAR oot bl s ot e~
Shown are:
5 Figures 1A to C graphs of temperature curves plotted
pursuant to the present invention;

Figure 2 a graph of a further temperature curve
pursuant to the present invention, especially
for processing GaNMG semiconductor

10 substrates;

Figure 3 a plot that shows the dependency of the
diffusion length of H* in p-GaN as a function
of the number of temperature peaks;

Figure 4 a graph that shows the dependency of the

15 conductivity of p-type GaN as a function of
the number of temperature peaks: and

Figure 5 a graph that shows a further temperature
curve pursuant to the present invention.

20 The Figures 1A to 1C show graphs of temperature curves pursuant to

the present invention. The temperature T is plotted as a function of the

time t. The illustrated graphs show, in idealized form, the temperature
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' ' o] .
curve of the treated objects, especially semc Re waters
[ to an increased tenperature
are.heated cyclically several tines Pecauent Iy
[ t mosphere, and are subseq
reaction chanber and a prescribed process a subsequent Iy |
' . Wth the 5 graphs shown in Fig
cooled off to a |ower tenperature T2 s e Shome e Shy o the
C, the tenperature curve essentially describes a ,
Tgngihs of tﬂg peaks at the tenperature T,, as well as the |lengths of the

f
peaks at the tenper@ineeoflthe h\ed @t’%ﬁge Je_gﬁgﬁtgﬁ% &%’ﬁ%ﬁ“ hutakgl}?asfglﬁtes The

the curve a keying ratio of ‘approxI i t ature peaks and of
tenperature peaks, 19ras a‘f‘@'h'eai’éq gﬂﬁicgﬁggg%/ﬁgl gH]qeq @eglypg{@eawd E@nghr&thm

the tenperature mninma, are cons

I Ni the keying ratio, as well as the
t enper at ure peaks dg{“ﬁ eratur.e mnina, _ : _
spggi ng between t h?q‘t g{) & [ﬁaé:t'BBaGk’Lar{‘TEe'i ANdsa miescribed pescegsualniasphers,

be 15

' ' uld be noted that the shape of the curve can

Fiag? ;glsl édA fﬁ g’nyl E?éﬂlgé%ls ﬁ%ﬁentb!smedlofptmarlnm@rttémpbmpr@qépm,thtgor
gxarrpl e, It can be parabolic, and that all of the aforenmentioned parameters

d, @#pels showmin Figuresstate Of thd1empbiturd BuffdBhsd %,
gg?i 2; Irﬁ;dglj:tp'? t he groces:yvcondi tions to the object that Is ﬁél ng %rg’g'l)'ed.

rnsonarshat Shroonie e oo et LRSI AR Sl p e
Literal Translatiofembef4tlldTO0ddWA%s e AGtHSH %%ngeékssgte the temperature
T2, have the same length. There thus results for the curve a keying

ratio of approximately 1. The spacing between the temperature peaks,

10 as well as the height of the temperature peaks and of the temperature

minima, are constant over the entire cycle. Although the temperature

peaks and temperature minima, the keying ratio, as well as the spacing

between the temperature peaks is illustrated as being uniform in

Figures 1A to C, it should be noted that the shape of the curve can be

15 controlled in any desired manner, especially during the heating phase,

for example, it can be parabolic, and that all of the aforementioned

parameters can be modulated, especially also the shape of the curve,
in order to optimally adapt the process conditions to the object that is
being treated.

20
As shown in Figure 1A, during the first two cycles the process

atmosphere that surrounds the object is kept constant, whereas during

10

Literal Translation of PCT/EP00/09534— Arthur Pelzmann ~ Steag - AZ.3147



the follow ng cycles atnospheric changes are possible. Purjsu;';]mt to F:jgr(raes

1.Band 1 C a constant process atnmpsphere is naintained with two Im O e
cycles (Figure 1 B) or the last two cycles (Figure 1 C)_ resp_egtlve yn P

thermal treatnment. It is, of course, also possible to 5 provide a cons

[ [ der to provide a
rocess atnosphere over a plurality of cycles in or
Eonstant trea?nent during these cycles. Figure 2 shows a tenperature gurye
for the thermal treatnent of a GaN:. My- sem conductor substrate. After doping

j ' jvated b
Pydr ogen and are thig o2 SRS AEERERNENE Heaes: e Bporibione Esseian too
it A i QQe gnds n io di ffuse the hydrogen out of
the substrate o t RAUTHo Bt B 161 B4t I aceRs praeERhare i doainieingd wits As
e

i i ' he doped surface of the
can be recognized in Fiqyre 2, the, tenperature of t _ '
substrat e, gt arti ng}WPr HﬂHgFet QWSFa(éJQ'éreof1Bdb@UtthQ2la§t two cypled! (Figeat dd)t o

' his tenperature for
erature of about 500C. The substrate IS heIc! at t
beﬂm 10 to 20 secdfeResiivebt abthe theaai thehbnﬂge,nepmlréénﬁ%aﬁégs%lg to
di stribution over the entire substrate. The 20 nmagnesi um hydr ogen bonds

begin t& break up @roviHesa domsperttaprocess athidkpHER: ier Wg{&g@?y@ﬁ F\%@F% in

tenperature has a relatively low diffusion I ength, so th

' ' ' | ati on of
hydrogen diffuses oueb progideldsbhgtat tréh gt (ie8b cJERRS
P>CIZTI E%OO/ 09534- Arthur PeFI;zmann - Sieag - &ﬁé%‘tjloj["f gt y

Figure 2 shows a temperature curve for the thermal treatment .of a
GaN:Mg-semiconductor substrate. After doping of the substrate, the
10 magnesium acceptors are first passivated by hydrogen and are thus
electrically inactive. It is therefore necessary to break up the
magnesium hydrogen bonds, and to diffuse the hydrogen out of the

substrate so that the material achieves a desired p-conductivity.

15 As can be recognized in Figure 2, the temperature of the doped
surface of the substrate, starting from a temperature of about 220°C, is
rapidly heated to a temperature of about 500°C. The substrate is held
at this temperature for about 10 to 20 seconds in order to achieve a
homogeneous temperature distribution over the entire substrate. The

20 magnesium-hydrogen bonds begin to break up at these temperatures,
although the hydrogen at this temperature has a relatively low diffusion

length, so that very little hydrogen diffuses out of the substrate. After

1
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this tenperature stabilization, the substrate, or at |east the surface

| ayer of the substrate, is rapidly heated to about 950C, and is
subsequent |y i nmedi ately cool ed off essentially wi thout any delay. The
tenperature of 950C is close to the dissociation tenperature of 5 the GaN
substrate if - the process gas pressure corresponds to one bar and N2 is used
as the process gas. At this tenperature, nitrogen begins to be freed from
the crystal structure or conposite of the substrate, as a result of which
bl ank sections or \ ounteract a desired

ancl Qecur that
p- conductivity of tﬂgs g%’b@??aﬁ%. S "ézai'@nditégo%‘fbétt'i% BF Aleleast ¢he rmukacer
very slow, and sin i dj at el fter reaching this tenperature the
substrate is agai n(i%\')%rlng’g ,S%ﬁﬁﬁé, elSs apidiy %aai&dpt @bout BSXC;i ahd ois of
t he substrate. The desired diffusion effect, i.e. an increased diffusion
| ength of the hydr GY@SseataNtsimmediately mooled off)Esskhijallys avitHoat ae detay.he

short tenperature peak 15 a significantly inproved diffusion effect results

for the hydrogen. Ahecteraperatunepef 8601C ipeidsd ﬁ@ﬂ%%@@iatibhetelﬁﬁhf@%eofi S

cooled to a tenperature between 400 and 450C, i.e. to a range

magnesi Bm hydr ogen tio BN auBsHhid i ti ﬁﬁbééFbeasaQFés%f'é BBH8ER§$H$ Eoegégiba; ed

hydr ogen takes place. After the prescribed tenperature mni

the substrate is agagnn: agi a , [ articular to a tenperature
N8 e B oS UaB) B i terhpefatyi apirogen

over 800C, and is subsequently again

Transl ati on of PCT 1 34-Arthyr Pelzmann - Steag - AZ 3147 This
alternating rapid hggﬁ\%ngg?%e zﬁ?ﬁ%t{] e Chfstaly strugitne, oragampesitengf tthe a
tenperature between 400 and 450C, is repeated a nunber of times, so that on
the whol e 9 tenper SVbStAtge ARsa sesulh pbwnich blank sestiorisust vavsici®deEn daeut he

whol e, thus 10 tem)er ature 5 peaks are produced. During this thermnal
treatnent, the GaNibsounteactas idesiredessemtdwdtivity Consthants MRialdOSPHEL e

at normal pressure. Alternatively, however, the pressure of the atnosphere

in thelfProcess chadissociationaproeebs is, however, very slow, and since immediately
after reaching this temperature the substrate is again cooled off, there
essentially results no dissociation of the substrate. The desired
diffusion effect, i.e. an increased diffusion length of the hydrogen, in

contrast forms more quickly, so that due to the short temperature peak

15 a significantly improved diffusion effect results for the hydrogen.

After the temperature peak is achieved, the substrate is cooled to a
temperature between 400 and 450°C, i.e. to a range in which
magnesium-hydrogen bonds are still broken up, and diffusion of the
20 hydrogen takes place. After the prescribed temperature minimum is
achieved, the substrate is again rapidly heated, and in particular to a

temperature over 800°C, and is subsequently again rapidly cooled off,
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10 altered, so that, for exanple, an overpressure or an underpressure up to
5x10'3 mllibar or |l ess can be applied to the process chanber, whereby, as
previ ously nmentioned, due to an overpressure the dissociation rate of the
GaN i s reduced, for which reason the substrate can be heated to higher
tenperatures, which in turn enhance the 15 diffusing-out of the hydrogen..
Figure 3 illustrates the results of plotting the diffusion | ength of

hydr ogen agai nst the nunber of tenperature peaks with a p-GN substrate. In

this connection, thehigl Qltdina8nQ" I i rovides a 20 penperature curve
as illustrated in Figure 2. Tﬂg rg?’rcfﬁs%%ghgﬁgﬁat W@Q@?@rﬁe?épgghé@opﬁr Anght
to the teachings ofsgpling: r he di ffusian constant under the
arbitrary assunption of' éatégi%?f%g{lbgfﬁg U’lr%rEg%thq?.nl‘@ BNt eftal "Gy dJepeated of
PCTI EPO0109534- Ar t - Ste - Az 3147 second. As can be
recogni zed in Fi gupgjrg,gg't %ﬁusﬁooiﬁ?teﬁﬁt ihe whelas8stemperature peakeraref
t enper at ure peaks. Thﬁs, (g/ith a doped surface layer of 1m six heatings
woul d be suffici entPPHUGEQ Ehat gredustovar8003C. can the avipde nthust 10 thriperaturaut
essentially all of the hydrogen ions 5 found in a |layer onto the crystal
surface.” This resulReaks ateguodugarbrt ed by the neasurenent val ues that are
illustrated in Figure 4 and that illustrate the nmeasured conductivity of

pGaN as a function of the nunber of tenperature spikes or peaks. As 10 can
be seen, the measured conductivity increases as the nunber of tenperature

peaks increases. Tigid that~the tenperature peaks
effectively increase g[d et@%ﬁ%&%zﬁaﬁ%bh tBé (i\"'ﬁ'g ﬁﬁé’&ﬂg&ewasd@ ap essentiallyf
whi ch nore hydroge Lif s _put of the substrate and | eaves behi nd
activated My accept%ﬂ%ﬂf‘%'ngi\z2 g ?ﬂg“?ﬂ"i @k neENalepiesstter Alissaatively, however,

di ssoci ation of th cr¥stal | i ne substrate structure that woul d adversely
affect the p-condull§ Presswe qfnbesaivaaspiiese dodbe mrbcess: chanber QRfUER0ORS Y
to a slight extent. Due to the tenperature control described above, an
excel | Rt p- conducBlteiedy serthet-foo exdmpdy absermessuredst aMWhdBRorasRVES
to 5x107 millibar or less can be applied to the process chamber,
whereby, as previously mentioned, due to an overpressure the
dissociation rate of the GaN is reduced, for which reason the substrate
can be heated to higher temperatures, which in turn enhance the

15 diffusing-out of the hydrogen.

Figure 3 illustrates the results of plotting the diffusion length of
hydrogen against the number of temperature peaks with a p-GaN
substrate. In this connection, the plotting or evaluation provides a
20 temperature curve as illustrated in Figure 2. The diffusion lengths were

determined pursuant to the teachings of S. J. Pearton for the diffusion

constant under the arbitrary assumption of a diffusion time of 0.1
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20 Deviating fromthe above-illustrated tenperature curve, the_teonrature
of. the object can be nodulated with respect to frequency, 1i4$|teralitude
Transl ati on of PCTI EP00109534- Amhur Pel zmann %oftfﬁg énf%}g subs??gte ud ,
. : IO ary . .
or keying ratio, whereby it is not necess Lheentire substrate to
' he control |l ed tenperature change. In certai pp
28¥L?gagn$ that merely portions of the substrate, especially the uEpernDst
| ayers, on which conmponents or structures 5 are di sposed, follow the

ph g [ dyl ate the
t ature curve. sdcdirner ak, chh be RAcpInRRESiP! gl et e, |
freggﬁ:ancy, the anplitude, the keying rat ?o 0 frﬁeﬁgv&g’gsﬂﬁagfﬂﬂ%@'g?ﬁtéﬁ?

' hi
ition of j I re., The phase rel atjonshi
Lenper ature. curve, e ue SR (e R, drmierBHES peskassarsmupmerdgpecti

o : be
. 10 R [ RLE ¢ i4ndi vi.dyal types of nodul ation can _
Egn‘l(::)ioztecrjo{/v! teﬂ one as%l{)rt erES'SFQW“H&?WE\?GWB%MQUW&G sutffinieing imyprden fonme

out two or nore tenperature nodul ations and/or two or nore pressure

modul ations. 15 | n SakstiGabviewpaint tafdiffese out essentariyosii Gk e hé/lhr‘t?dcéhv%?‘ts' on

can al so be advantageously used with the thernmal treatnent of I des,

for exarple with pHased ioavayeriants thé crystsl il e, TiSi2 f rongh?t Cﬁgsl nt o
the C54 phase, which has a considerably greater conductivity. t
been shown that, for exanple, the C49-C54 phase conversion tenperature

increases with small structure sizes or small |ayer
This result is also supported by the measurement values that are

illustrated in Figure 4 and that illustrate the measured conductivity of p-
GaN as a function of the number of temperature spikes or peaks. As

10 can be seen, the measured conductivity increases as the number of
temperature peaks increases. This is due to the fact that the
temperature peaks effectively increase the diffusion length of the
hydrogen, as a result of which more hydrogen diffuses out of the
substrate and leaves behind activated Mg acceptors. Due to the brief

15 temperature peaks, a dissociation of the crystalline substrate structure
that would adversely affect the p-conductivity of the substrate does not
occur, or occurs only to a slight extent. Due to the temperature control
described above, an excellent p-conductivity of Mg-doped GaN
substrates can thus be ac;hieved.

20
Deviating from the above-illustrated temperature curve, the

temperature of the object can be modulated with respect to frequency,
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i ' ilici | e, the phase conversion 15
. thicknesses of the silicide |ayer. For exanple, )
Li.teral Transl ation of PCT/EP00/0953é- ArtBurtPsgégFPP ihgtfgger ?ﬁigﬁﬁgss
erature increases fromabout 720C to abou Cif
?gnfeduced from 60 nanoneters to 25 nanoneters. This increases the ;hg;w&
stress of the wafer in a di sadvant ageous nanner. As a consequence O N e
extrenmely rapid heating-up, the 5 phase conversion tenperature can agai
reduced somewhat. However, in order to achieve as conplete a phase

conversion as possiﬂnplit_u@epldﬂrléé)'jirgg’ {Qﬁo,swﬁgfq%(? i{ﬁgﬁ%%%%‘:sgﬂh}%m@r Shiire.
peaks are utilized, as illustrate nOLLEXt;npa Qroxi tely 750C to 1000C,

2nd 10 tomper at ur o e 0P Slthy 3G EENTSIBE mpe&ge;e Phedes cripecatiane
ranges are al so aprﬁﬂ;ﬂﬁghﬁnéWﬁéﬂ%fg%@fib%:ﬁ?lg%%tgﬁ}s?%l&rfgpqig@squdher@jbgtrrate,

heating-up rates are 'greater 't

[ [ whi ch
t 60 r..gecond to 150G per second. The tine during
{ﬁteei,a? re(ra ?goﬁm d a%s%fét’?@ﬁlg'eﬁﬁe%?%ﬁr@sﬂalgfsi, P mdtieh sompanents errstngguek

bet ween one second and about 10 seconds, whereby, however, shorter or

H . . ; h
are aldB pEpesed.cfollow dbetteasierature euwvat i 9 génetl Cif 5hKiso
'ltgggg;atu?gscurve S at9 a mninumis preferably reduced to O secondls, SO

Lo promte the respective prosess aur nedupby, e mBiiLey i Reving rallo 5"
possible to irradi ahe pRecesdPGdRt SrelsuMdl §f fh@atcdrﬁpésc}tigr? of the process
atmosphere. The phase relationship of the temperature curve, as well
as the variation of the process atmosphere, can be controlled.
10 Furthermore, individual types of modulation can be combined with one
another in any desired manner, for example by carrying out two or

more temperature modulations and/or two or more pressure

modulations.

15 In addition to the aforementioned embodiment, the invention can also
be advantageously used with the thermal treatment of silicides, for
example with phase conversions of, for example, TiSi; from the C49

into the C54 phase, which has a considerably greater conductivity.

20 It has been shown that, for example, the C49-C54 phase conversion

temperature increases with small structure sizes or small layer

thicknesses of the silicide layer. For example, the phase conversion

15
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[ nsl ation of PCTlI EPOOI 09534- Arthur Pel zmann - Sleag - AZ. 3147
hiaﬁlglrglj \T\A’r?h U Iight, and/or to expose the substrate to a magnetic fle![ﬂ
or an electrical field. In so doing, the W intensity and/or the streng
of the magnetic field or the electrical field can advantageously 5 of
addi tionally be nodulated in conformity with the aforementi oned t_ypest '?he
nmodul ation. In so doing, the direction of the lines of flux relative ob
waf er can follow any predefined direction, which itself can theﬂ agai n be
varied with respect to tinme. Furthernore, the applications ofot e
af orementi oned fi e|ta§1p§[ﬁa’tu{rq}.énwa§g§ feamabant 220 Chta abioot t740°Coif 3né hayer
applications where the wafer -is subjected to a tenperature nodul ation. .
Rat her, the appli cdbickneseds raugoed;errmeec_)vmaﬁnmemeaaezsMmf&nétlé‘?s.mi'ﬁrs_th
processed with any suitable tenperature-tine curves. 15 In conjunction w

: : DOPE . 160 aPORSIdIL
h revi ously desdn¢readesretheodhermali striess paf ttheumaiferd!ifOg td¥leous
;d\?agt ageous %/o vary the spatial arrangenent of the el errents%:dhat | uence

. . . : : d/ to
t ature di shanmer i s rekahsdfudrivd BE é?PJe‘iﬁtangl SHBRE hahfing!
EEE preggg;s chanber. In order to thi(&s)\l extent to avol ¥gggﬁ gﬁﬁi#gf %{E’Ence

S oI PR
Thermal Treat ment sSubstrates”. 17 Literal Translation of PCTI EP00/ 09534
Arl hur Pel zrann - o%egve_r, My ofdgr to achieve as complete a phase conversion as
possible, a plurality of successively following temperature peaks are
utilized, as illustrated for example in Figure 1. In this connection, the
temperature peaks should be approximately 750°C to 1000°C, and
10 temperature minima should be about 300°C to 600°C. These
temperature ranges are also applicable for the previously described
embodiment. The heating-up rates are greater than 150°C per second,
and the cooling-off rates are about 60°C per second to 150°C per
second. The time during which the wafer is held at the temperature T
15 is preferably in the range of between one second and about 10
seconds, whereby, however, shorter or longer times are also possible.
In contrast, the duration at which the temperature curve is at a
minimum is preferably reduced to 0 seconds, so that a temperature
curve results as is illustrated in Figure 5.
20

In order to promote the respective process during the thermal

treatment, it is possible to irradiate the substrate or wafer that is to be
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Patent Clains 5 1. Method of thermally treating senico?dgct?LdngfL;ates in
i : i in that the treatnent inc .
a .reaction chanber, characterized in . ot o oubs Lot o bt oot to at
ing-up of at |east portions of the sem conductol -
nggin?hrge tenperature peaks with approprla;e_ﬁo?LngtEgaigstégggfgfhrggn
) hod according to claim1, characterlze i _
ghazgg i ncl udes a ?requency nodul ation, an anplitude nodul ati on and/or a

[ [ [ [ claiml or 2, characterized
keying ratio nodul ation. 3. Method according to or 2 characteri

' r

Vot hod accor i ng. £ o S Cari G ighf Cand/B th Hrphse Piesutsiate to; amagnitor

Met hod according to m 3, : _ LomagiEte
| hanber is altered. 20 5.

the pressure of a f éwdorl Qnt 8 {' il (i G Hie ensty ahafiia

according to cl ai mf_!% or 4, c%afégsgﬁi?;dlgrﬁq KQing, Hbeal Ve ind ty

process atmosphere étl%%glt'lq%? tr?e mag e?ic chleld or the electrical field can advantageously

additionally be modulated in conformity with the aforementioned types
5 of modulation. In so doing, the direction of the lines of flux relative to

the wafer can follow any predefined direction, which itself can then

again be varied with respect to time.

Furthermore, the applications of the aforementioned fields and the UV
10 radiation are not limited to such applications where the wafer is
subjected to a temperature modulation. Rather, the applications can
also be used with processes where the wafer is processed with any

suitable temperature-time curves,

15 In conjunction with the previously described method, it is in particular
also possible or advantageous to vary the spatial arrangement of the
elements that influence the temperature distribution relative to the
object or substrate and/or to the process chamber. In order to this
extent to avoid repetition, reference is made to DE-A 199......... which

20 is from the same applicant and has the same filing date, and has the

title “Method and Apparatus for the Thermal Treatment of Substrates”.
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modul ation, an anplitude nmodul ation and/or a keying ratio nndulatlﬁni th
Met hod according to one of the clains 3 to 5, characterized in 5 tlath te
process atnosphere is essentially kept constant for a tine interva | a t

i ncl udes at 1east two successive tenperature peaks. 7. Method accor |Eg o]
one of the claims 3 to 6, characterized in 10 that the process atnﬁsp ere
is provided with an underpressure at least to a point in tine oflt_e
thermal treatment. 8. Method according to one of the preceding clains, f
characterized in that for the tenperaturBatentaimg for_the_varlat!onlo
the ~ 5 process atnmosphere, a specific phase relationship, in partlgu.ar a
shifting, is provided. 9. Method according to claim8, characterized in

t hat the phase shifting is between 0 and 2~. .20 . _
1. Method of thermally treating semiconductor substrates in a

reaction chamber, characterized in that the treatment includes
5 the heating-up of at least portions of the semiconductor
substrate object to at least three temperature peaks with

appropriate cooling phases therebetween.

2. Method according to claim 1, characterized in that the
10 temperature change includes a frequency modulation, an

amplitude modulation and/or a keying ratio modulation.

3. Method according to claim 1 or 2, characterized in that the

process atmosphere in the reaction chamber is altered.

15
4. Method according to claim 3, characterized in that the
composition and/or the pressure of a fluid in the reaction
chamber is altered.
20 5. Method according to claim 3 or 4, characterized in that the

alteration of the process atmosphere includes a frequency

18
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' rding to claim8 or 9, characterized in that the phase
ggl f'ltv?;gogsa?rggul at gd. 19 Literal Translation of PCTIEPOO/09534- Artgyr
Pel zmann - Steag - AZ. 3147 11. Method according to one of the precedl Bg
claims, characterized in that the tenperature alteration is effecte dy
el ectromagnetic radiation. 5 12. Method according to one of the pregebl ng
claims, characterized in that the tenperature alteration is gffect;a. é
contact of the sem conductor subiétrate \étvlth a flui ?I ?23/0:, }[Nlht[] Zt :égst .
bod 10 13. Method acc [
sur?‘/ace | ayer, especi al Iqi)ggu é’%gd srﬁrépné UP§ 2‘5‘?"9}6?6'%@ Qf’n% ofatio

f the clains 12 or 13,
substrate is heated up. od according to one o
characterized in 15 tharﬁégH%bEhperature of at |east one tenperature peak

I s above the dissociation tenperature of crystal structures of the
sem conduct or substrate.

6. Method according to one of the claims 3 to 5, characterized in
5 that the process atmosphere is essentially kept constant for a

time interval that includes at least two successive temperature

peaks.
7. Method according to one of the claims 3 to 6, characterized in
10 that the process atmosphere is provided with an underpressure

at least to a point in time of the thermal treatment.

8. Method according to one of the preceding claims, characterized
in that for the temperature curve and for the variation of the
15 process atmosphere, a specific phase relationship, in particular

a shifting, is provided.

9. Method according to claim 8, characterized in that the phase
shifting is between 0 and 2x.
20
10.  Method according to claim 8 or 9, characterized in that the

phase shifting is modulated.
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' ccording to one of the clains 12 to 14, characterized in 20
SﬁétN$LQO?eﬁperaturg peak is so brief that essentially no d|SSOC|§t!on or
tHe.crystaI structure of the sem conductor wafer is effected. zo Litera
Transl ation of PCT/EP0O0/09534- Arthur Pelzmann - Steag - AZ. 3147 16. ]
Met hod according to one of the preceding claims, characterized in agat t he
length of the tenperature peaks in terms of tinme is between O and
seconds. 5 17. Method according to one of the preceding clains, |
characterized in that at |east one tenperature peak is between 750 an
1050C. 10 18. Method according to claim 17, characterized in that the

t erature betweensat | efperat ure peaks is cooled to 300 to
egtr)né. 19. Met hod ac%@rdiﬁ%?@%é %ﬁ%‘g’gf% fPe°B?é’é§'a‘?Hée%qddﬁ‘%!almsaﬁaata&terzm 15

[ ' ) te is irradiated with UV Iight.
'n that the sem conduct % t?\%P e ?emperature alteration is effected by electromagnetic

radiation.

12.  Method according to one of the preceding claims, characterized
in that the temperature alteration is effected by contact of the

semiconductor substrate with a fluid and/or with a fixed body.

10 13.  Method according to claim 12, characterized in that at least a
surface layer, especially a doped surface layer, of the

semiconductor substrate is heated up.

14.  Method according to one of the claims 12 or 13, characterized in
15 that the temperature of at least one temperature peak is above
the dissociation temperature of crystal structures of the

semiconductor substrate.

15. Method according to one of the claims 12 to 14, characterized in
20 that the temperature peak is so brief that essentially no
dissociation of the crystal structure of the semiconductor wafer

is effected.

20
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. hod according to one of the preceding clains, characterized in that
Ege gg;iconductor sgbstrate is subjected to a magnetic field and/or an
el'ectrical field. 20 21. Method according to claim19, characterized in
that the intensity is nmodulated. 21 Literal Translation of PCTIEPOO/09534-
Arthur Pel zmann - Steag - AZ. 3147 22. Method according to claim 20,
characterized in that the magnetic field strength or the field strength of
the electrical field is nodulated. 5 22 Literal Translation
o( PCTI EPOO/ 09534- Arthur Pel zmann - Steag - AZ. 3147

16.  Method according to one of the preceding claims, characterized
in that the length of the temperature peaks in terms of time is

between 0 and 10 seconds.

17.  Method according to one of the preceding claims, characterized
in that at least one temperature peak is between 750 and

1050°C.

10 18. Method according to claim 17, characterized in that the
temperature between at least two temperature peaks is cooled

to 300 to 600°C.

19.  Method according to one of the preceding claims, characterized

15 in that the semiconductor substrate is irradiated with UV light.

20.  Method according to one of the preceding claims, characterized
in that the semiconductor substrate is subjected to a magnetic
field and/or an electrical field.

20
21.  Method according to claim 19, characterized in that the intensity

is modulated.

21
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22.  Method according to claim 20, characterized in that the

magnetic field strength or the field strength of the electrical field

is modulated.
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