14 APR2 O4 Method for Thermally Treating Sem conductor Wafers 5 10 15 20
The present invention relates to a nethod for thermally treating

~sem conductor wafers in a reaction chanber. Thermal treatnment, in addition
to the controlled tenperature variation for the technical processing of a
sem conductor substrate, is also understood to nean all furtﬁgr ﬁ{@ esses
that occur in the course of this treatnent, such as, for exa I%, em cal
reactions, structural changes, or other changes in physi cal

characteristics of thel\neiﬁaijQQF“I*HEP:%IIELﬁ%h{iﬁgesérh%oﬂcmétﬁkWafefrsat ed. A
met hod for thermally t ed, for

exanple, in US Patent Nr. 5,935, 650. Wth this nethod, a sem conductor
substrate that is_to be treated is rapidly heatedt rescrjbed ..
Lenperature, whi | B¢ heresgaEOPERRIQT REIEE 110 @ gpeter fua Tesrnaly, fsatig: o
When the prescribed tenperature is reached, the substrate is held at this
tenperature for as€mnicendpetor safess iniakeachal chambaibsequently rapi dly cool ed
off to a lower tenperature, at which it is held. Wiile the substrate is
held at this |ower tenperature, an exchange of the gas atnosphere takes
pl ace, and the substrate is subsequently rapidly heated within this new
atmosphere to a Thermal treatment, in addition to the controlled temperature variation
for the technical 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. 5,935650. 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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prescribed further tenperature, is held at this tenperature for a fixed 1
Literal Translation of PCT/EP00/ 09534 - Arthur Pelzmann - Steag - AZ. 3147 1
‘4 APR 2004 5 10 15 20 period of tine, and is subsequently again rapidly
cool ed of f. This specialized manner of proceeding with two successive
heati ngs of the substrate in different gas atnospheres is utilized in
order to formthin oxide |ayers upon the sem conductor subgti ARRIIIDE- A- 199
20 871.9, which belongs to the sanme applicant and is not pre-published,
furthernore describes thermally treating sem conductor substrates, such
as, for exanple, peredNftime endissubs Iy egainirapidlycheled offe hisosrRreAlgeS
there results the problemthat, for exanple in a surface |ayer doped with

magnesi um the magaesieoof pcomEsdigwih dwopnesessive delaingy of tgesubsicatane t hus
electrically inactive. To overconme this electrical inactivity, the

magnesi um hydr ogegiffepstilsgad afhodihebeO ke tikidd ANErdeR %o HPR tA RGNS |4pds ogen

must be diffused out of the sem conductor crystal in order to achi'eve a

good p- conducti v+é/(¥r{ 9{6 %gﬁéﬁﬁﬁgg‘%@%wghese bonds are conventionally

br oken by ther nal reatin erfal.”"Wth the aforenentioned GaN,
whi ch g s doped wi th magnesi um the magnesi um hydrogen

DE-A-199 20 871.9, which belongs to the same applicant and is not
pre-published, furthermore describes thermaily treating semiconductor
substrates, such as, for example, a GaN{III—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



bonds break up approxinmately at tenperatures over 400C. At these

t enper atures, however, the hydrogen has a short diffusion I ength and thus
hardly diffuses out of the GaN crystal. At higher tenperatures, the

di ffusion length increases in the sem conductor crystal. However, at these
tenperatures the sem conductor crystal begins to dissociate, gﬁﬁ &%4 APR
2004 5 10 15 20 25 30 US-A-4, 201, 559 discloses a nethod for b? 3 g a
gl ass-ceram c, according to which a thin glass body, such as a gl ass
fiber, is converted into a glass- ceramc bodégg¥.thernal treatment. The

t her mal treat ment YeofrdrdQ IscipsgsA methogiion Hge ArHESTSI NG 8GRAYEY
wher eby the heati gowhhef {ri¢ gREs \tody asuchPdd b diRsebebeidBonldied B2 adgidssshows
a met hod for producing highly-oriented structures in Ral enat ed vi nyl
pol ymers by an al PN b9 Vt%’aq\eﬁ@abfreit"ﬁﬂtynﬁ?e 3'6‘?{9‘%' reé‘ﬁ'ﬂe'gl TPl @
field. Reference pgrdiity bhesatpganabeRlin® cirffed\-vibhety Bid3heatinyad efberes via a

nmet hod pursuant to the greanbl e of claiml. Proceeding fromthe
af or enent i oned doBRIWEAFEEPEEM- i s an object of the present

DD-A-226 437 shows a method for producing highly-oriented structures in
halogenated vinyl polymers by an alternating heating of a polymer body in an
electrical field.

10
Reference is furthermore made to EP-A-0 407 233, which shows a method

pursuant to the preamble of claim 1.

Proceeding from the aforementioned documents, it is an object of the present
15 invention to provide a simple method that enables an effective treatment of

semiconductor substrates and reduces the thermal stress 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
20 portions of the semiconductor substrate lo at least three temperature peaks
having appropriate cooling phases therebetween, and the temperature of at
least one temperature peak is over the dissociation temperature of crystal
structures of the semiconductor substrate. In so doing, the desired treatment
result is promoted and accelerated by allernating high and low temperatures.
25 This acceleration makes it possibie to minimize the overall thermal stressing
of the semiconductor substrate. In particular with semiconductor materials of
the aforementioned type, the diffusing-out of hydrogen is promoted and thus
an improved p-conductivity is achieved. By setting the temperature of al least
one lemperature peak over the dissociation temperaiure of the substrate, the
30 desired effect is accelerated stilt further. Since the diffusion effect of the

hydrogen is increased more rapidly at high
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invention to provide a sinple nethod that enables an effective treatnment of
sem conduct or substrates and reduces the thermal stress thereof. Pursuant
-to the present invention, this object is realized with a nmethod of the
aforenmentioned type in that the treatnent includes the heating-up of at

| east portions of the sem conductor substrate to at | east i?;@g

t enperature peaks having appropriate cooling phases thereb rwm*and t he
tenperature of at |east one tenperature peak is over the dissociation
tenperature of crystal structures of the sem conductor substrate. In so
doi ng, the desir &t dees thentisspeiatibn of sheroyaisiesetandwilk ted ebatvednéinod
alternating high and | ow tenperatures. This acceleration nakes it possible
to minimze the gyeraddirddedifBliont efeet NB  Hronidied s UNileonBeICthoh-fagpstr at e.
In particular with sem conductor materials of the aforenentioned type, the
di f f usi ng- out of : d ; I nductivity
is achieved. By gte%fy’g{:%gsﬁH%%@%%@%?%Pgﬁ%?é%ﬁﬁgggtw%gw erfeg%%ﬁalture peak
over the dissociation tenperature of the substrate, the desired effect is
accelerated still further. Since the diffusion effect of the hydrogen is
increased nore rapidly at high 3 Literal Translation of Altered Pages

PCT/ EP00/ 09534 - Parguamt tPed pationlarlySpeefgrred aambadiment 0f APR ipgestiethathedoes
the dissociation of the crystal set in, with the above nethod the desired
di ffusion effect tdrap@ratiret aeriativn ehadrea nfreqdenty afloddiasisnci & | amplitideot
permtted or is permtted to only a slight extent. Pursuant to a

Variation has' o PPGBERE AR 2bpE ol R g8 ordeh o opffiefy Bhatine

thermal treatment

Ja



nodul ati on and/ or an aspect ratio nodulation in order to optimally adapt
the thermal treatnment 3a 1 4 APR 2004 US- A-4, 201, 559 di scl oses a net hod
for producing a glass-ceramc, according to which a thin glass body, such
as a glass fiber, is converted into a glass-ceram c body by therm
treatment. The 5 thernal treatment conprises a plurality of heating and
cooling cycles, whereby the heating is effected via a sp hzf bean1
DD- A- 226 437 shows a nmethod for producing highly-oriented étAP res

hal ogenat ed vi nyl polyners by an alternating heating of a polyner 10 body
in an electrical field. 15 Proceeding fromthe aforenenti oned docunents, it

is an object of t p tion to praovide a sinple t hod t hat
enabl es an effectp\g’eA‘{ﬁ@glgﬁg ‘5'58 SE& T éﬁﬁﬁ‘ﬁgttﬂ’ BW@FE& n%*?a “Taltes the
thermal stress thereof. Pursuant to the present invention, this object is
realized with a meetrsdingoftot whickf &r &nanglasheBodypsuch ahae @lasst flkek nisnt

i ncludes the heating- up of at |east portions of the sem conductor

substrate to at | easiertdty deto2@ tglagsecarbmie pedk byhakemgalameatpenat e Theol i ng
phases therebetween. 1In so doing, the desired treatnent result is pronoted

and acgel erat ed mérﬁ‘ulaq We'&%bﬂﬂc&hﬁhs@@@ POV BPPRatHG @hd dbimg cycles,

accel erati on nmakes

whereby the heating is effected via a split laser beam.

DD-A-226 437 shows a method for producing highly-oriented structures
in halogenated vinyl 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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Literal Translation of PCT/EPOO/09534 - Arthur Pelzmann - Steag - AZ. 3147 1
4 APR 2004 | 5 10 15 20 possible to mnimze the overall thermal stressing
of the sem conductor substrate. In particular with sem conductor naterials
of the aforenmentioned type, the diffusing-out of hydrogen is pronoted and
thus an inproved p-conductivity is achieved. Since the diffusion effect of
the hydrogen is increased nore rapidly at high tenperaturebstAfqid0i does t he
di ssociation of the crystal set in, with the above nethod the desired

di ffusion effect is prormted whil e the non-desired dissociation is not
permitted or is RASFIEde Miginyae yhe oyprajibesnslsttessmg efuthgtsaraicanductor
particularly preferred enbodi nrent of the invention, the tenperature

vari ati on has a faubgtratey mindulpatticutar amitiamsbh‘timtdﬁiuctmduhatérmm aptl/ tre an
aspect ratio nodulation in order to optimally adapt the thermal treatnent

and to achi eve t hforeaéntRshetesiPel -thEOdiIffaXiRgIIR of hydrobed i¥eprdonBted and
t enper at ure peak can be established in ordér to rapidly |n|t|ate t he

desired process, il hﬂﬁ el pectn t&u S HicVed, P§ % fo

anplitude in or der 0 nal n arn pr octess. I'n &J t he
result, of the thernal treatnent ro ess spher.e that I's found |n t he
reactidon chamber oﬂg W‘ﬁ%%és tlrplgeg more rapn&)y at high temperatures than

does the dissociation of the crystal set in, with the above method the
desired diffusion 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 an aspect 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 therma! 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



sem conductor substrate is preferably varied. In so doing, in particular

t he conposition and/or the pressure of a fluid in the reaction chanber is
.varied in order to optim ze the desired effect. The variation of the 51 4
APR 2004 5 10 15 20 process atnosphere preferably has a frequency
nodul ati on, an anplitude nodul ati on and/or an aspect ratio nodul ation. In
so doing, the process atnosphere is preferably essential |4 KEpEllEonst ant
for atine interval that includes at |east two successive tenperature
peaks in order to achieve constant treatnent effects. At |east at one
point in time durpiegesheatnespharet pesferally bas pr degsiencut musiotatioa, an
preferably has an underpressure in order to pronote a diffusing-out of

el enents from t hexRGINLEE AbHIRIoNSARESF a4 8sBEt rao mvcRtRInt 1hRE ddidd, wed ng-in

of inpurities. However, an overpressure of the process gas atnosphere can

al so be advant agenusesyaehssyhdracis mr%ﬂ\?val Qéférﬁaénglk%fp_t kB@R&WP%@Q%ne

di ffusing out of the substrate is as S possible’in e process gas
at nosphere. As a . t, fo anpl.e, th di ssoci ation rate of the .
substrate can be l@ﬁeﬁg?ldg}aéﬂfnglﬁflggpu%te@agf tyo BV%%E@?IVﬁeEeTBﬁ%W% REEKS dhe
exanple is GaN: My, which is produced in a N2 atnosphere with overpressure,
whereby the H2 f rqder khashieye,eonstant treatment effects.

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 _prohibit the diffusing-in of impurities. However, an overpressure of the
process gas atmosphere can also be advantageous, whereby the
partial pressure of the substance diffusing out of the substrate is as low as
possible in the process gas atmosphere. As a result, 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 H2 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



process gas atnosphere is as |ow as possible. For a good control of the
process, the tenperature change and the change of the process atnosphere
have a controll ed phase relationship, in particular a shifting. In so

doi ng, the phase shift can be 6 1 4 APR 2004 as desired, i.e. between 0 and
2rr. For a flexible process control, the phase shifting is nodul ated
during the treatment. Pursuant to one preferred enmbodi nent ] 4t ARR ¥Bnper at ure
change is 5 effected by el ectronagnetic radiation, since this enables
rapid and easily controllable tenperature changes, especially of portions
of a seniconduct @ defid dite bedwesn &sand & ekand flexibimprocess wohérok thegi on.
In addition or alternatively thereto, the tenperature is effected by

contact with a fl phdsarthifing & fodathtéddring heaehigatiar during the cooling
10 of f phases, the tenperature changes can be accelerated by contact wth

‘a fluid, such as, for exanple, an inert gas. In so doing, preferably at
| east one surface | ayer, especially a doped surface |ayer of the

substrate, is hea in.order to achieve alterations of this |ayer, such
as, for exanple, mgsﬁéhtf ioNG- 8[?[%%? o?f@ggﬂ'g?ﬁiﬂt %6‘? lemMpesatare £NapEg eisi on.

Pursuant to one enbodi nent of the invention, the tenperature of at |east
one tedperature peHRCles §yeslestromagnetingadititiospsings dist emghlestrape ahdt he
substrate in order to rapidly initiate the desired effect. In this

connection, the teapity aiontrellasiek®niietatude eéivirjdlsy depBEiafip &1 pSftich83sf a
essentially no dissociation of the crystal
semiconductor substrate, such as, for example, only a surface region.
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 {emperature peaks are
preferably kept so brief that essentially no dissociation of the crystal

20 structure of the substrate occurs.



20 structure of the substrate occurs. 7 1 4 APR 2004 The length of the
tenperature peaks is preferably between O and 10 seconds in order to
mnimze the thermal stressing of the sem conductor substrates. |In order
to achieve good treatnent results wth the sem conductor substrates, at

| east one tenperature peak is 5 between 750 and 1050C. At tf

tenperatures, for exanple the aforenentioned magnesi um hyd gé@ﬂzwbnds are
conpletely broken up and the diffusion I engths of the hydrogen atons are

significantly ingheasggth bf m@%mbéra@ur@npéﬁ(sa&dpﬁe@e%ﬁebémﬁé& 9 and 10
di ffusing-out of the hydrogen fromthe doped surface l'ayer of

sem conduct or 10 T enper ur ks is
preferably cool edgéétﬂj‘dfooﬂl B&fg { r"ﬁ S ag]equg}etrw%é) g”gg# ﬂé & e

di ssoci ati on of r. ex a.senmc ndu fe at .the sa time
the processes tha?%@&rﬁq%ﬂﬁt%% eﬁ‘ °§f?d' af\é,\‘%'@éﬁ 989& Hisadmeph gesults

di ffusi ng-out of ﬁdrogen, ~are maintained. 15 To pronote the treatnent,

t he seni conduct or WitDbkher agmidondpetsl esulistratess Lalj leaste ane dewperaltretpear. is| t

is, however, also advantageous to subject the sem conductor substrate to a
magnet bc and/ or ebetitadrc F50f and HLOSOFAr t gritrese, teriperatired) Sfor i acanad/ the

field strengths are nodul ated 20 pursuant to a further enbodinent. a
aforementioned magnesium-hydrogen bonds are completely broken up
and the diffusion iengths of the hydrogen atoms are significantly
increased in order to promote and to accelerate a diﬁusing-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 andfor electrical field.
Furthermore, the intensities andfor field strengths are modulated
20 pursuant to a further embodiment.

B
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Literal Translation of PCT/EPOO/09534 - Arthur Pelzmann - Sleag - AZ 3147 1
4 APR 2004 The invention will subsequently be explained in greater detail
-with the aid of preferred enbodinents with reference to the figures. Shown
are: 5 Figures 1A to C graphs of tenperature curves plotted pursuant to

the present invention; Figure 2 a graph of a further terrperﬂgub@ ﬁ%reve
pursuant to the present invention, especially for processi er

sem conductor 10 substrates; Figure 3 a plot that shows the dependency of
the diffusion length of H+ in p-GaN as a function of the nunber of

t enper at ur e peaks;Thei ipnestidn avih sabseduently dreesplareddiopgredtarcyetail withethel5
conductivity of p-type GaN as a function of the nunber of tenperature

peaks; and Fi gureaid af greddmied katboriravhtsavith FéBAIndeABRBE dhUfed, Curve
pursuant to the present invention. 20 The Figures 1A to 1C show graphs of

tenperature curves pursuant to the present invention. The tenperature T is
plotted as a function of the time t. The illustrated graphs show, in
i deal i zed form tg%oml%r:ature 9 1 4 APR 2004

5 Figures 1Ato 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 GaN:MG 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



curve of the treated objects, especially sem conductor wafers. The wafers
are heated cyclically several tines to an increased tenperature T, within
-a reaction chanber and a prescri bed process atnosphere, and areé
subsequently cooled off to a |ower tenperature T2. Wth the 5 graphs shown
in Figures IAto C, the tenperature curve essentially describes a box
shape, whereby the I engths of the peaks or maxima at the, Tt&dApRIES ure T1,
as well as the lengths of the troughs or mnina at the tenperature T2,
have the same length. - There thus results for the curve an aspect ratio
of approxi mately FUNOfdhaciraatedephiests. terpeciiysaimigradpelak wafes. asTheel |
as the height of the tenperature peaks and of the tenperature mnina, are
const ant over thewafely archedted Aiclitallygbevenal tirrepér anunereapedtemperhture
tenperature mnima, the keying ratio, as well as the spacing between the

tenperature peaks Tiswithihuatreat®sh apabfiehtantn il Sledtiibed iProtERS atkiodhere, it
shoul d be noted that the shape of the curve can be 15 controlled i n any

desired manner, e Ci ' t [ I i § _can
be parabolic, and%fiﬁa%@a%qb%&ulfﬁgya g#éﬁngﬁttp%nyﬁgt’g{néééguﬁéafggnﬁgtg fhe
nndula%ed, especi in order to optjinally

adapt the pr ocessal{:%%aﬁalsﬁgwtghﬁoﬁgﬁgg%a?\ewiﬁtﬁévti%?‘p%éﬁ%% e esgentayiyas

shown in Figure 1A during the first two cycles the process atnosphere

t hat surrounds t hedasisiibes aibex lshape,cdretiynthe lehghe ebtheyrdakg of hakinda aFtRe2004
temperature T4, as well as the Iengths of the troughs or minima at the temperature
T2, have the same length. ~ There thus results for the curve an aspect
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 controlied in any desired manner, especially during the heating phase,
for exampie, 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



5 10 15 20 25 30 longer tines are al so possible. In contrast, the duration
at which the tenperature curve is at a mninumis preferably reduced to O
'seconds, so that a tenperature curve results as is illustrated in Figure
5. In order to pronote the respective process during the therm

treatnment, it is possible to irradiate the substrate or wafer that is to be
handled with UV light,' and/or to expose the substrate to a Hqﬁgﬁmfc field
or an electrical field. In so doing, the UV intensity and/o} t étrength
of the magnetic field or the electrical field can advantageously
additionally be nodul ated in confornitr with the aforenentioned types of
modul ation. |n sdorfigrngmes lace dilseposshleof In kentrastethetufation akihichvidet o

h f foll def.i ned dir ' ich | | f h [
e et can, T LGB PLFIE AES ARG Bl PSR, 297

af orenent i oned figglidst #chmpORtbld curpdird@diiRmasianigtatéd 1 FRré 8 such
applications where the wafer is subjected to a tenperature nodul ation.

Rat her, the applications can also be used with processes where the wafer

R e N T T R R e R
treatment, it is possible to irradiate the substrate or wafer that is to be
handied with UV light,"and/or o expose the substrate to a magnetic
field or an electrical field. In so doing, the UV intensity andfor the
strength of the magnetic field or the electrical field can advantageously

10 additionally be modulated in conformity with the aforementioned types
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.

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

suitable temperature-time curves.

20
y In conjunctioh with the previously described method, it is in particular
| also pc.)ssible or advantageous to vary the spatial arrangement of
elements that influence the temperature distribution relative to the
object or substrate and/or to the process chamber. In order to this
25 extent to avoid repetition, reference is made to DE-A 189 52 017 which

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

title “Method and Apparatus for the Thermal Treatment of Substrates”.

30

1"



al so possi bl e or advantageous to vary the spatial arrangene

t hat

I nfl uence the tenperature distribution relative to the

substrate and/or to the process chanber. In order to this
repetition, reference is nade to DE-A 199 52 017 which is
applicant and has the sane filing date, and has the title Hggpgg@k and
Apparatus for the Thermal Treatnent of Substrates”. 11 1 4

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

layer of the substhisatémpbrfatirPisHBiliZRRNCdhé Ositdate 96PGt 1888 e surfa
subsequently i medi ately cool ed off essentially w thout any del ay. %ﬁe

Substrate it the Arscade e bRkl & 3PP Hsdkd G BRAUEBCL, AE F2

used as the proces as.

nt of elenents
obj ect or

extent to avoid

fromthe sane

A 4 5 10 15

erature, nitrogen hegins to be freed

t this. t )
fromthe crystal IFEUEP ydmrﬁﬁ%%})t@%@dt% essgpialyamathons apy delav of
whi ch bl ank sections or vacancies can occur that counterac
p-conductivity of Th&demppeatuea of I9PATE isdilesmitn e disspcmtiopstemperatne\adr |
very slow, and since immediately after reaching this tenperature the
substrate is agaithecGaNeslbstiate iftBeeroessegas aréssure Lalies poRdSIte BAEILT ON
of the substrate. The desired

and N; is used as the process gas. At this temperature, nitrogen

t a desired

begins to be freed from the crystal structure or composite of the

substrate, as a resuit of which blank sections or vacancies can occur

that counteract a desired p-conductivity of the substrate. This

10 dissociation process is, however, very slow, and since immediately

after reaching this temperature the substrate is again cooled off, there

essentially resuits 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

temperature between 400 and 450°C, ie. to a ra

IS cooled to a

nge in which

magnesium-hydrogen bonds are still broken up, and diffusion of the

20 hydrogen takes place. After the prescribed temperatu

achieved, the substrate is again rapidly heated, and in

re minimum is

particular to a

temperature over 800°C, and is subsequently again rapidly cooled off.

12
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diffusion effect, i.e. an increased diffusion |Iength of the hydrogen, in
contrast forms nore quickly, so that due to the short tenperature peak a
significantly inproved diffusion effect results for the hydrogen. After the
tenperature peak is achieved, the substrate is cooled to a tenperature

bet ween 400 and 450C, i.e. to a range in which nagnesiun}hxgrﬁﬁﬁﬁ bonds
are still broken up, and diffusion of the hydrogen takes plac?. Bier the
prescri bed tenperature mninumis achieved, the substrate is again rapidly
heated, and in particular to a tenperature over 800C, and is subsequently
agai n rapidly coolus cﬁlterna@giraeidgﬁeaﬁrwﬁq:aaitgmp@fatmptmrcﬁwﬁ;.-awthur
Pel zmann - Steag - AZ. 3147 1 4 APR 2004 This alternating rapid heating to a
tenperature of ovemwolA§CGo andempendtury Hetwaeh eaPiraicirdS0BET vieerept@techrd
450C, is repeated a nunber of tinmes, so that on the whole 9 tenperature

peaks are producefiiher oRlimbsSisoouat 890%ke Whold @ WbRpRratifbiHekRs are

tenperature 5 peaks are produced. During this thermal {reatnent, the GaN

oSt rate vas |0 0BRSS 1 S3NH BP0re b TREIAGHS s SRIRsBAGE

chanber can also be 10 altered, so that, for exanple, an overpressure or an
under prlessure up REFKSAIOPIOGHEED. bar or | ess can be applied to the process
chanber, whereby, as previously nentioned, due to an overpressure the

di ssociation rate of the GaN is reduced, for which reason the substrate

During this thermal treatment, the GaN substrate was in an essentiaily
constant N; atmosphere at normal pressure. Alternatively, however,
the pressure of the atmosphere in the process chamber can also be
10 altered, so that, for example, an overpressure or an underpressure up
to 5x10° 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 an estimate of the diffusion length
of hydrogen against the number of temperature peaks with a p-GaN
substrate. In this connection, the estimate provides a temperature curve as
20 illustrated in Figure 2. The diffusion lengths were determined pursuant to
the teachings of S. J. Pearton for the diffusion constant under the arbitary

assumption of a diffusion time of 0.1

13



can be heated to higher tenperatures, which in turn enhance the 15

di ffusi ng-out of the hydrogen. 20 Figure 3 illustrates the results of
plotting an estimate of the diffusion length of hydrogen agai nst the
nunber of tenperature peaks with a p-GN substrate. In this connection,
the estimate provides a tenperature curve as illustrated in Figure 2. The
di ffusion |l engths were determ ned pursuant to the teachi ng EF’CR Zﬁz‘m J.
Pearton for the diffusion constant under the arbitary assu?’rpti on of a
diffusion tinme of 0.1 13 1 4 APR 2004 second. As can be recognized in
Figure 3, the diffifS05H. | hytdan iR 1eeeEYZed rivaFigurei 3 h thaedifiusiber leofth

t enperature peaks. Thus, wth a doped surface |ayer of 1m six heatings
woul d be suffi ci erincreases lnestigwitbtthe abmbieeoftemperature phdkbuJbuswith a doped
essentially all of the hydrogen ions 5 found in said |ayer on the crystal

surface. This reswurface 18y&0oB YRROSHEHedinds RolRASE SBARiEntYRIHES that are

illustrated in Figure 4 and that illustrate the nmeasured conductivity of p-

GaN as a function .the, nunmber. _.of t erature peaks. As to can be seen,
t he measur ed cond&g%tf%}'icf‘g/v'fewgroérgsi% dﬁ’gpsph%utn%@ﬁaﬁy a"t‘@‘n‘b@r%‘?@%éﬁl@s
i ncreases. This i? due to, %{;}{ fac% t hat Lhe t enperature peaks effectively
i ncrease the diff iRY¥HIN eppn thrCryRih® : as a result of which nore

hydrogen di ffuses out of the substrate and | eaves behind activated My
acceptors. Due to the brief

This result is also supported by the measurement values that are
illustrated in Figure 4 and that illustrate the measured canductivity of p-
GaN as a function of the number of temperature 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 contro!
described above, an excellent p-conductivity of Mg-doped GaN
substrates can thus be aéhieved.

20
Deviating from the above-illustrated temperature curve, the

temperature of the object can be modulated with respect to frequency,

14



15 tenperature peaks, a dissociation of the crystalline substrate structure
t hat woul d adversely affect the p-conductivity of the substrate does not
occur, or occurs only to a slight extent. Due to the tenperature control
descri bed above, an excellent p-conductivity of My-doped GaN substrates
can thus be achieved. 20 Deviating fromthe above-illustrated tenperature
curve, the tenperature of the object can be nodul ated withl #EBdel to
frequency, 14 1 4 APR 2006 anplitude, or aspect ratio, whereby it is not

Change. In cer tai ATIHIIIE: o FoRe FpfafhaBbl i hOFnEcENeRR) o the BIRECY, U0

of the substrate, especially the uppernost |ayers, on which conponents or
structures 5 aresHpsiaigedo folpwolbea wentrefiperigmpesatene vehange. gelmecattaini t i s
al so possible to nodul ate the frequency, the anplitude, the aspect ratio
of the process gaspphleatgunseitaant be soffiperdi thadb merkiyt pertiohecefsthe atiraigpder e.
The phase rel ationship of the tenperature curve, as well as the variation

of the process at @@péb@nﬁghgajpdé?m@@mé;%ré,ean \%Hicﬁ%drﬁﬁéﬁ@{@’cc)fegﬁﬂsé{' fagal

types of nodul ati on can onbi ned wi t'h one another 1n any sire

manner . for exanp - [ ug,. t r re tenperature ul atjons
and/ or 5tvv.o or mréF%?%géﬁée&{ @’38& g-[el g@sei%ufen%g&'cﬁ't i lgngFﬂean'[e)ﬂ 15 also
aforement i oned e”BSé’s'iB'l%% ’mcgdqu?atlart]r\{ee rteéqggnccy?gweaénswglitude, the aspect ratio of

the process gas pressure or the composition 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 andfor 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 tayer. For example, the phase conversion

15



be advantageously used with the thermal treatnent of silicides, for

exanpl e with phase conversions of, for exanple, TiSi2 fromthe C49 into

t he C54 phase, which has a considerably greater conductivity. 20 It has
been shown that, for exanple, the C49-C54 phase conversion tenperature
increases with small structure sizes or small layer thickridsaislef the
silicide layer. For exanple, the phase conversion 15 1 4 APR 2004
tenperature increases fromabout 720C to about 770C if the | ayer thickness
i s reduced from @émymratuee ansrebee Sromarabmiter20°CTio aboun 7845 a6 thehtayieher nal
stress of the wafer in a di sadvantageous manner. As a consequence of an

extrenely rapid heakngds UB. rddiRe@ PHASB0CRINGHEIPS thePPaiAldmetepan REGSI N be
reduced sonmewhat. However, in order to achieve as conplete a phase

conversion as posidlces, frd! Wenhbl flssuecmR ALy oL aifahpRRBLE U e

peaks are utilize sTillTusira or "exXanpl™e 1 n
Cto éBOOC,

connection, the tenperature peaks shoul d _be approxinmtely, K75
and 10 t enper at urBARDAT meAS 1B AT SRAUSRGR©Of 0 EXS BB EAPFN SEBUNg Rp St ur o

ranges are also applicable for the previously described enbodinent. The
heati ny- up rat es phasgyrecversienatempeetyer cascegdin hendeduecd osvinayhat-f
rates are about 60C per second to 150C per second. The tinme during which
the wafer is hel ddetvelvbg irempdgratairaehievel asi somppieteralphasen coheenrsamgasof

bet ween one second and about 10 seconds, whereby, however, shorter or
longer tines are gbsablROSS bRIrBlity 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.

in order to promote the respective process during the thermal

treatment, it is possible to irradiate the substrate or wafer that is to be

16
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Ln contrast, the duration at which the tenperature curve is at a m ni num
s preferably reduced to 0 seconds, so that a tenperature curve results as
‘is illustrated in Figure 5. 20 In order to pronote the respective process
during the thermal treatnent, it is possible to irradiate the substrate or
wafer that is to be 16 Literal Translation of PCTI EP00109534 - Art hur

Pel zmann - Steag - AZ.3147 1 4 APR 2004 handl ed with UV | i dHt APRali8l or to
expose the substrate to a magnetic field and/or an electrical field. In so

doi ng, the UV intensi and/ .he, strength of the etic field or the
electrical field ?ﬁ?di%q/é{‘ﬂ‘td*hgf&oh%ﬁ‘%/ angindi B Sm?ﬁ%ﬂﬁegﬁﬁgmfsttedaifﬁagne"c
conformty with the aforenmentioned types 5 of nodulation. In so doing, the
direction of the [fielkan prﬁﬂ@keqi@cp%{tﬂﬁ%e {roso dpingwather U¥ anfensity and/anthe
predefined direction, which itself can then again be varied with respect

to time. Further mstrengtihef tpinagattiofisidodr theeelativiceiferid icanadivhintdgioustyd t he
W 10 radiation are not limted to such applications where the wafer is

subj ected to a tengeittinallp beofddaldted in Bahfemitytiith #RPhictameAlisné@ypedl so
be used with processes where the wafer is procéessed with any suitable

tenperature-tinme r 20, | L, upet b .t - Pl el scri bed
e hod;% et Cg;’;rr%ﬁ?%ﬂ?é(?n On 'S8 GERYG URE HiPSENnt & thBSGinkE o RACT a2
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 hrocesses 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
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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al so possible or advantageous to vary the spatial arrangenent of elenents
that influence the tenperature distribution relative to the object or
'substrate and/or to the process chanber. In order to this extent to avoid
fepetition, reference is nmade to DE-A 199......... which is fromthe sane
applicant and has the sane filing date, and has the title "Method and
Apparatus for the Thermal Treatnent of Substrates”. 17 1 4 ﬁfﬁpﬁ@&@ d ai ns
5 10 Method of thermally treating sem conductor substrates In a Treaction
chanber, according to which the heating of Jeast portions of the

sem conductor substrate is effected to at | 5 three tenperature peaks
wi th appropriate cooling phases therebetween, characterized in that the
tenperature of at |east one tenperature peak is over the dissociation
tenperature of crystal structures of the sem conductor substrate. 2.

Met hod accordi ng 1.0 cligiethal, of hieantly itzeatingn sehatortduetort eulpsiraiear & @éhange
i ncludes a frequency nodul ation, an anplitude nodul ati on and/ or an aspect

ratio modul ation. 15 3o MabhQohaARs dbsrdiy &b alhich 1Bk Reatitpioicitelebzed in
that the process atnosphere in the reaction chanber is altered. 20

5 portions of the semiconductor substrate is effected to at least
three temperature peaks with appropriate cooling phases
therebetween, characterized in that the temperature of at least
one temperature peak is over the dissociation temperature of

crystal structures of the semiconductor substrate.

10
2. Method according to claim 1, characterized in that the
temperature change includes a frequency modulation, an
amplitude modulation and/or an aspect ratio modulation.
15 3. Method according to claim 1 or 2, characterized in that the
process atmosphere in the reaction chamber is altered.
4, Method according to claim 3, characterized in that the
composition and/or the pressure of a fluid in the reaction
20 chamber is altered.

18



4. Method according to claim3, characterized in that the conposition
and/or the pressure of a fluid in the reaction chanber is altered. 18 1 4
APR 2004 5. Method according to claim3 or 4, characterized in that the
alteration of the process atnosphere includes a frequency nodul ation,
anpl i tude nodul ati on and/ or an aspect ratio nodulation. 5 6. Method
according to one of the clains 3 to 5, characterized in thé&ts APRIY ocess
at nosphere is essentially kept constant for a tine interval that includes
at | east two successive tenperature peaks. 10 7. t hod accordin 0 one
of the clains 3 t9 6, MeHeL@eEPHARE A gltaWétathFe4prl\°/E€ f%é’bﬁ@qe{'}%
provided with an underpressure at |east at one point in time of the
thermal treatment. 15 8tersbomoof dbeopdicegst atmraphefe tinelugescadimguenai ms,
characterized in that for the tenperature curve and for the variation of

the process atnosphergodalaiipeChmpitugeanedugtien bndvehap,aspactyatio incad wationa
shifting, is provided. 20 9. Method according to claim@8, characterized in
that the phase shifting is nodul ated. 19

6. Méthod according to one of the claims 3 to 5, characterized in
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
that the process atmosphere is provided with an underpressure

at least at one point in time of the thermal treatment.

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

a shifting, is provided.

20 9. Method according to claim 8, characterized in that the phase

shifting is modulated.
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1 4 APR 2004 10. Method according to one of the preceding clains,
Gharacterized in that the tenperature alteration is effected by

el ectromagnetic radiation. 5 11. Method according to one of the preceding
el ainms, characterized in that the tenperature alteration is effected by
contact of the sem conductor substrate with a fluid and/or with a fixed
body. 12. Method according to claim11, characterized in that BRR Nlast a
10 surface | ayer, especially a doped surface |ayer of the sem conductor
substrate is heated up. 15 20 13. Method according to one of the clains 11
or 12, characterit®ed iMethodaacaondingdapeeaniihe pieegding cimsy CBarackpstzed
essentially no dissociation of the crystal structure of the sem conductor

substrate is effectedn thdt theblchqskrateomilergionas aflectdd bhelqrtereatineyic
clainms, characterized in that the length of the tenperature peaks in terns
of time is between 0 ggdyl@ seconds. 20

5 11.  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.

12, Method according to claim 11, characterized in that at least a
10 surface layer, especially a doped surface Jayer of the

semiconductor substrate is heated up.

13.  Method according to one of the claims 11 or 12, characterized in

that the temperature peak is so brief that essentially no

15 dissociation of the crystal structure of the semiconductor substrate

is effected.
14.  Method according to one of the preceding claims, characterized

in that the length of the temperature peaks in terms of time is

20 between 0 and 10 seconds.

20



