1 PROCESSED SI LI CON WAFER, SILICON CH P, AND METHOD AND APPARATUS FOR
PRODUCTI ON THEREOF The present invention relates generally to the field of
silicon material for electronics. Mire particularly, the invention rel ates
to a processed silicon wafer for production of a silicon chip that is
particularly well suited for production pf efficient solar cell panels at a
relatively |l ow cost, and a nethod and an apparatus for production thereof.
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where Id is the thermal penetration depth, Dis the thermal diffusivity,
and t is the pulse length of the laser. In silicon, the thermal penetration
depth of a 100 ns long | aser pulse will be around 3 p.mat 1000K. In this
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wi t hout damaging the crystalline silicony c-Si, and thus maintain a high
mnority carrier lifetime, which is generally considered a necessity in
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FIG. Al is a color schematic drawing illustration of the laser ablation sequence and the
cross section area used for TEM analysis.
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doubled Nd:YVO4 green laser, a dielectric SiO2 layer is highly transparent to the laser
light, and the studies have shown that ablation of a layer of SiO2 on Si takes place

through an indirect process, wherein silicon oxide is lifted off due to expansion of

molten or vaporized silicon immediately below the SiO2 layer on the surface of the Si
wafer or chip.

A layer of Si02 deposited on n-type Cz silicon using a plasma enhanced chemical
vapour deposition (PECVD) process, with the aim of making local contact openings on
back-junction silicon solar cells, was ablated using a Q-switched Nd:YVO4, diode
pumped 532 nm laser with nanosecond pulses, and a spot diameter of 40 um. Laser
pulses within the ns range are usually believed to be incompatible with processing of
high efficiency solar cells because such long pulses induce too much damage into the
underlying silicon lattice. This is due to thermal dissipation. In this work, a PECVD
layer of a-Si:H between the n-type silicon and the dielectric layer is shown to absorb
much of the laser radiation and allows for ablation at laser fluences lower than the
ablation threshold of crystalline silicon. In addition, the a-Si:H layer serves as an
excellent surface passivation layer for the silicon substrate. It is demonstrated that it is
possible to ablate PECVD SiO2 in a damage free way with fluences five times lower
than those needed to ablate crystalline Si. The results are verified experimentally with
high resolution transmission electron microscopy of the crystal structure in the laser
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indicate that the combination of high optical absorption and low thermal conductivity of
a-8i, when compared to crystalline Si, c-Si, confines the laser energy to a much smaller
volume, This makes it possible to ablate small portions of SiO2 from a larger top layer
area of 8i02 on a wafer or chip a without introducing significant damage to the c-Si
material, with a laser fluence five times lower than that needed to ablate SiO2 on
crystalline silicon. In addition, the residual a-Si serves as an excellent surface
passivation layer for the Si substrate[9-11]. a-Si is not a very well defined material as
most of the material parameters are very sensitive to the deposition technique and
parameters. Especially the absorption coefficient and the thermal conductivity vary over
a broad range according to different references[12-19]. Previous work on laser
interaction with a-Si has mostly focused on melting and recrystallization of a-Si, both
experimentally[15, 20-22] and numerically[21, 23-25]. It is an object to provide a
thermodynamic model that predicts the laser fluence ablation threshold of SiO2 on a-Si
layers of varying thickness, and that also describes the heat distribution in the SiO2 - a-
Si - Si stack after laser irradiation, useful as a tool in respect of the present invention,
for purposes such as controlling laser ablation process parameters.

Figure Bl is a plot drawing illustration of fluence threshold for laser ablation as a
function of the thickness of the a-Si film. The experimental data obtained by the
inventors from reference 7 (solid line with circles) is shown together with the modelled
data for surface melting and vaporization.

Figure B2 is a plot drawing illustration of heat distribution in Si as a function of time at
different depths afier single pulse laser irradiation with a fluence of 0.32 J/cm2 and a
pulse duration of 142 ns. x = 0 (surface) corresponds to the top of the Si substrate.
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Figure B3 is a plot drawing illustration of heat distribution as a function of time at
different depths in a stack of 300 nm a-Si on Si after single pulse laser irradiation with a
fluence of 0.32 J/cm?2 and a pulse duration of 142 ns. x = 0 (surface) corresponds to the
top of the a-Si film.

In the following, some theoretical considerations related to the present invention are
disclosed.

Herein is proposed a thermodynamic model that predicts the laser fluence ablation
threshold of Si02 on a-Si layers of varying thickness, and that also describes the heat
distribution in the SiO2 - a-Si - Si stack after laser irradiation. The model is
contemplated as a basis for steps of optimisation of a method that embodies the present
invention, or as a basis for an embodiment of the present invention in a method or a
computer program on a carrier that is made executable in a programmable apparatus, for
producing a processed Si wafer or chip prepared for providing efficient electrical
connections to parts of material of a Si wafer or Si chip.

To find an expression for the laser fluence ablation threshold some simple assumptions
are made, It is assumed that the onset of melting or vaporization is given by a critical
energy density ET = FT/Lth,eff, where FT is the threshold fluence. Lth,eff is the

effective thermal diffusion length defined by Ly =2Dy7, , where Deff is the effective
thermal diffusivity and tp is the pulse duration of the laser at full width half maximum.
Deff is the ratio between the effective thermal conductivity, keff, and the volumetric
heat capacity. keff is weighted between the thermal conductivity of a-Si and Si, also
including a thermal resistance at the interface between the two. A version of this model,
not including interface resistance, was proposed by Matthias et al., when investigating
laser ablation of metal films on quartz[26]. Herein one also need to account for an
optically absorbing substrate under the thin film. Assuming a uniform temperature rise
throughout the volume defined by Lth,eff, it can be shown that the threshold fluence for
melting is given by

o AT,
M a-Rfa-ey+-ePye™]

CropLos o )

ATM is the needed temperature increment for melting, d and ds are the thicknesses of
the a-Si layer and the Si substrate, respectively. It is assumed that the transparent Si02
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constitutes a thermal barrier and only influences the reflection, R, at the surface. a and p
are the optical absorption coefficients of a-Si and 8i, respectively. Cp,eff is the effective
volumetric heat capacity; linearly weighted between a-Si and Si. The corresponding
model for the onset of surface vaporization is the same as for melting but with ATM
replaced by ATv + AHm/Cp.a-Si, where ATv is the needed temperature rise for
vaporization, AHm is the latent heat of melting, and Cp.a-Si is the volumetric heat
capacity of a-Si. The parameters used in the model are taken from Table 1. The
respective values at 1000 K for the temperature dependent parameters, and a pulse
duration of 142 ns, were used. The experimental data from reference 7 is plotted
together with the static thermodynamic models for surface melting and vaporization in
Figure B1. There is a good fit between the experimental data and the static model for
surface evaporation even without temperature dependent parameters, and with the
assumption of a uniform temperature rise. Still, this model only gives an indication of
the onset of evaporation and does not include any information about the actual
temperature distribution within the film and the substrate. It should be noted that it has
not been taken into account that the pulse length of the laser used varies with fluence as
given in Table I. A more dynamic description that also includes phase transitions will
require a solution of the total enthalpy version of the heat equation. The diameter of the
laser spot used is much wider than the thermal diffusion length of a-Si, and it is a good
approximation to solve the one-dimensional version of the equation[27].

MH(xp) &

174
2 EK(T )[E T (x,t)J+ S{x,t) @)

k(T) is the temperature dependent thermal conductivity, x is the depth from the top of
the a-Si layer, and S(x,t) is the laser source given by

-R)F- t—t, . )
S(x,t)= 4in2 A-R)F aexp{—ax—4ln2—(——‘"§';")}

4 Tp Tp

&)

F is the fluence at the peak of the Gaussian pulse, and tpeak is the time for the peak
fluence. The total enthalpy, AH, is given by[27]

AH(T)~ | p(T")e (T')T"+1T - T, )AH,, + (T — T, )AH, @
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T0 is the ambient temperature, and TM and TV are the meiting and vaporization
temperatures, respectively. n is the Heaviside function (1 or 0 if the argument is positive
or negative, respectively) and AHm and AHv are the latent heat of melting and

vaporization, respectively.

To omit numerical instabilities it is assuned that the phase transitions occur over a
temperature interval of AT = 5 K. The SiO2 is assumed to be optically transparent and
thermally insulating, and is only influencing the surface reflection. The structure is at
ambient temperature before the laser heating starts. The following initial and boundary
conditions are used:

ﬂ’(xst)_ol
T0O=Tle  TG0=Th g O

&)

A finite difference scheme was used to solve the total enthalpy heat equation. The
simulation parameters are listed in Table L. a, ¢, and | in the table refer to amorphous Si,

crystalline Si, and liquid Si, respectively

In Figure B2 is shown the temiperature distribution in a SiO2 covered silicon wafer at
different depths after laser irradiation with a single laser pulse with a fluence of 0.32
J/em2. In Figure B3 is shown the temperature distribution in a similar sample, but now
with a 300 am buffer layer of a-Si. Here, one should observe that the a-Si obtains a
much higher surface temperature, and that 0.32 J/em?2 is enough to reach the onset of
surface vaporization. This result, and also results for a-Si layers of different thicknesses
(not shown) are in good agreement with the experimental data.
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Parameters Value/Expression Reference
Abs?rption coefficient a; 1.9x1¢° 28
(em™) < 5.02x10%7 20
I 1x10° 23
Density (g/cm”) a: 2.20 23
¢ 2.32 27
1252 27
Thermal Conductivity a: 1.3x107 1 (T-900)° + 1.3x107% (T-900)% + 1x10%x (T- | 20
(W/em K) 900) + 1x107
c: 1521/T=*  (T<1200 K) 20
8.96/T°"  (1200K <= T <1690 K)
1: 0.62 29
Heat capacity (J/em’ K) a: 2.2%(0.952 + 0.171xT/685) 20
o 2.32x (0.711 +0.255% (T"*-DAT - 0.255/0.711) 30
I 1.0 29
Melting temp (K) a: 1420 27
¢: 1690 27
Vaporization temp. (K) 1; 2680 27
Interface thermal 0.0054 16
resistance (cm® K/W)
Latent heat of melting a: 1250 27
(IK) c: 1780 27
Latent heat of 1: 15000 27
Vaporization (J/K)
Reflection a; 0,18 Measured
c:0.18 Measured
L 0.07 Calculated with data
from ref 31
Pulse duration, full width | -37xF + 154 Measured.
at half maximum (ns) F is the peak fluence in
the Gaussian beam
profile (J/em®)
Pulse peak (ns) 200 Set
TABLE I

In the following, considerations regarding interface thermal resistance are disclosed.

Kuo et al. measured the thermal resistance of the interface between a-Si films and
crystalline Si[16]. The value used in the simulations, 0.54 mm2 K/ W, is the resistance
they measured for a structure with a native oxide between the a-Si and the Si. This value
was found to give the best fit between the modelling and these experiments. A clean
surface, prepared by pre-sputtering in a vacuum chamber, showed an interface
resistance of 0.15 mm2 K/ W[16]. A lower interface resistance increases the laser
fluence ablation threshold in the model according to the invention, as less heat is
contained in the film. The increased thermal resistance at the interface between a-Si and
the Si (presumably provided by an oxide) is therefore considered an important element
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of improvement of substantially the damage-free laser-ablation process according to the

invention.
Advantages and applications of the invention.

Application of the static thermodynamic model that describes the fluence threshold for
pulsed laser ablation of SiO2 on Si with a buffer layer of a-Si of varying thickness,
allows production of ¢-Si material based electronic components that are highly efficient,
since ablation is obtained with almost no significant damage to the c¢-Si. Having also
solved the heat equation for the SiO2 — a-Si —Si stack, the temperature distribution
within the a-Si film and the Si substrate may be predicted and used for controlling
important parameters related to performing the method of the invention, and to control
properties of the c-Si wafer or chip product that was subjected to the ablation process. A
material according to the invention having an interface thermal resistance between a-Si
and Si is important by allowing a lower laser fluence ablation threshold, and by
effecting a protection of the c-Si lattice that is located under the SiO2 layer in the area
where the SiO2 is ablated by the energy of the laser beam pulse. The results obtained in
the various embodiments of the invention are in good agreement with the experimental
data provided by the present inventors, illustrating the advantage of including in the
model the expected contribution from the native oxide layer to the thermal resistance of
the interface.
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i nventi on.
hydrogenized or semiconductor level doped grade amorphous silicon, and

producing on the layer of amorphous silicon, an electrically insulating surface layer
being substantially transparent to an optical wavelength of a laser beam that is
extensively absorbed in the layer of amorphous silicon.

2, The method of claim 1, wherein producing the layer of amorphous silicon includes
processing the layer of amorphous silicon to exhibit a predetermined optical absorbance
at said optical optical wavelength of said laser beam.

3. The method of claim 2, wherein processing the layer of amorphous silicon includes
hydrogenizing the amorphous silicon to a hydrogen content in a range from 5% to 15%

atomic.

4. The method of claim 2 or 3, wherein the predetermined optical absorbance exhibits at
least one absorbance peak at an optical wavelength of about or close to 532 nanometers.

5. The method of any one of the preceding claims, wherein the wavelength of the laser
beam is about or close to 532 nanometers,

6. The method of any one of the preceding claims, wherein the thickness of the layer of
amorphous silicon is preferably in a range from about 5 nanometers to about 300
nanometers, more preferably in a range from about 50 nanometers to about 200
nanometeres, and still more preferably about 100 nanometers.

7. The method of any one of the preceding claims, comprising

producing on top of the clean surface of the crystal wafer or chip, a narrow silicon oxide
layer having a thickness corresponding substantially to an oxide layer thickness
obtained naturally by exposing a clean surface of the substantially pure or
semiconductor level doped silicon crystal wafer or chip to a normal atmosphere mixture
of gases at a normal atmospheric pressure and a normal room temperature, such that
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controllingmmgnggh@nﬁdggé 8hSs difbdtigikt 0 perform ng the nethod of the
invention, and to control properties of the c-Si wafer or chip product that
was subjected to the ablation process. A material according to the

i nventi on iBaVhegetiddiof gy basef thd prodeding ERirkd, 3Hereil HBRRN&s SF iR | S
fluence ablation threshold, and by

pf
i mport ant al low ng a.lower |as
ef f ecti ng 2%8¥8¢Séié\€fqno%l%?ls\tgﬁ%utcl- ?Srrfaé’f”f“ie?ésthat is located under the 5i02
| ayer in the area where the Si02 is ablated by the energy of the |aser beam
pul se. Thegr i LN i _OUS i t f the i,nvention are
"1 Good agreanibii Bl DAL sobidduBE Lo 0B RULOR Salled St on,
i nvent or s, adaptedsior laserablation ofdv gleckiiselly insulating gunfageilayer harried delthe wefer
expect ed cgf\@}ﬁb,m&ﬂﬁgh{g omthe native oxide |layer to the thermal resistance
of the interface 3 tgafl,lien d ai 1, A nmethod for processing a
subst ant i aPP{PARfZsubstar yd%‘ﬁ’&lf are oldbe piligerperystal Walenar it layeredt er or
chip for aamptphogs $ilicon)diecdimaphelisilido@belngsesubbaminlBPudd bOydbgcdikzed

electrically insulating surface |layer carried on the wafer ‘or chip,

conpri si ngo%sretl)n ﬁ%l}d?fﬁé%gev?g%}pga g’éad%muiseﬁﬁc?n’(ﬂngan surface of the silicon
crystal waéethedayerlof pmogphony siticard, adayer phtheslsitdidatiginsuldiegaurfagaus sil i con
being a su INE j erp .. l.evel doped

gr ade am)rgﬁgggﬁ Hssl?anlh%:{lcljﬂ%}g_lgsﬁg{egr 0 ugg’ﬁgmﬁﬁg?ﬁ%gﬁl a@gﬁg%ggﬁ%%gsus silicon,
an el ect ri eensivalnabposhedin thelpyesof amgyphoupsilicep.subst anti al |y transparent to
an optical wavelength of a | aser beamthat is extensively absorbed in the

| ayer of apprphous silicon. .2. The hod of claim 1, wherein producing the
| ayer of aﬂ@r%@ﬂé‘}ogiwsﬁagﬁv afer o &@@ﬁgi%@e"s Fharrin the lavey of amprphppy Hlenns

si li con t oinebudedprocessimgahielagent Matbrpius 6Hlicoa ksHiban pRd8ferhimed opfiédl cal

opti cal Waé’[fg' &1 ‘geh of said |aser beam 3. The nethod of claim?2, wherein
processi ng RE ayer of anorphous silicon includes hydrogenizing the

anor phous silicon to a hydrogen content in a range from5%to 15% at om c.

4. The net fs [ r&lq: { ] ' bsor bance
i bi 5 oy | asi o Erem Safefor tR R i 16, RAGREL B T B0d AR ROl MR8 or
cl ose to 5@oludesnenpbeus silicon hipdeogenizad tp whydipgencieatest indwange Gowdi%do cl ai s,
wher ei n t hesepawahiengt h of the | aser beamis about or close to 532
nanoneters. 6. The nethod of any one of the preceding clains, wherein the
t hi ckness of the |ayer of anorphous silicon is preferably in a range from
about 5 nalbfeeilkoh oryataduiafed 0D cliiprRdoRimn NS or M) whaeethe pletideirhingd r ange from

about 50 n abaut Q _.nanonet eres nd stil.l .nore preferably
Sbout 100 VLR drSirbahé ARG of ety RSAPR R nediit ofisplipy SERBIREBea o
conpri si ngabenbendesego 32 naondtershe ¢l ean surface of the crystal wafer or
chip, a narrow silicon oxide |ayer having a thickness correspondi ng
substantially to_an oxide |ayer thickness obtained naturally by exposing a
cl ean surfléseﬁh’éﬁlhtoﬂ’éc%ﬁéwafﬁpé?}llp op aneons ofdberletmy? c 1 drwheseinltheloped

silicon crysledngpéfathe MserBbam i Absut DPEIFRE 08 IMBABRER YT Xt ure of gases at a
normal at nospheric pressure and a normal roomtenperature, such that 14

14. The silicon crystal wafer or chip of any one of the claims 9 - 13, wherein the
thickness of the layer of amorphous silicon is preferably in a range from about 5
nanometers to about 300 nanometers, more preferably in a range from about 50
nanometers to about 200 nanometeres, and still more preferably about 100 nanometers.

15. The silicon crystal wafer or chip of any one of the claims 9 - 14, comprising




narrow silicon oxide |ayer becones |ocated between the clean surface of the
crystal wafer or chip and the anorphous silicon |layer. 8. The nethod of
any one of the preceding clains, wherein the thickness of the narrow | ayer
of silicon oxide is about 1 to 5 nanoneters 9. A substantially pure or
sem conductor | evel doped silicon crystab wafer or chip adapted for |aser
abl ation of an electrica I nsul ati n surface |l ayer carried on the wafer
or chip, cORPR gfﬁ{f@?ﬂ“t%ﬁégﬁfoﬁhgem wefegor phip) @aﬂosatcdhﬁwe@fﬂmmasl l'i con
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grade anor BF}U@ :hf%ﬁ t]%iﬁ]&’eﬁ?lc‘%rFFé tagtallylancoxidq laygihickngsayer of
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to an optig 0‘3@8(1?' cerqg&eld&) (%%%%ysﬁ Cf“’@iﬁs]t extensl vel @?%l%%gllibed |n

the |l ayer 0 armrp ous
claimg, mﬁg@eﬁat&mmyemmsphmﬁ*mmnmal foonl techpsraprecessi ng t he
| ayer of amorphous silicon exhibits a predeternined optical absorbance.

11. The silicon crystal wafer or chip _of claim10, wherein the |ayer of
anor phous 464 Theowlicancarysasvad mrmhmetpdm I:%thdyéhicmsvﬁﬂvmowogen

content i Niaef @fdicdn’ XASKabOut 1Yot MPineters. 12. The silicon crystal wafer or
chip of claim 10 or 11, wherein the predeterm ned optical absorbance

exhibits at | east one absorbance peak at an optical wavel ength of about or
cl ose to 582 Aarethet for sblatid@a pdibef ai ¢lecttivally silafingNai@covéringu furpice 8y one

of the cl a ength of the | aser beamis about or
close to 5 nangﬁélie %%h@u&@ﬂ@sﬂ%on crystal wafer or chip of any one
of the cl aplfﬁé'lfbng sai@siligpre ervistal whisr phélii nempnsmg phéop efjeesubstantgatiyrqianus
si licon i sgprREeF el sidod &yﬁm&?erfdr%mfg?%}e SAAIELLRodn? R UMrp D

m a out t out

nanonet ers, nore prefera In a ran nanonet ers
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15 on top of clean,surface qf .the.crystal wafer or c ocat ed
bet ween !to he's léllag% Fé@’éfg?mgﬁ stgnfially, fr tigrangptis ala%Pe{ phous

si licon | alaeer,beamrthatripextendively absoxbeden Itlagdayerhﬂ’\anmgalﬁ)uk bih@&ﬁlileﬁd
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beam, so as to ablate a corresponding area of the electrically insulating layer.

18. The method of claim 17, wherein the laser beam wavelength is about or close to 532
nanometers, the optical energy fluence is between 0.3 and 0.5 Joules per square
centimeter, preferably about 0.32 Joules per square centimeter, and the pulse duration is
about 142 nanoseconds.

19. The method of claim 17 or 18, wherein providing said silicon crystal wafer or chip
comprises providing said silicon crystal wafer or chip having on top of the clean
surface of the crystal wafer or chip, and located between the clean surface of the crystal
wafer or chip and the amorphous silicon layer, a narrow silicon oxide layer having a
thickness corresponding substantially to an oxide layer thickness obtained naturally by
exposing a clean surface of the substantially pure or semiconductor level doped silicon
crystal wafer or chip to a normal atmosphere mixture of gases at a normal atmospheric
pressure and a normal room temperature.




16. The silicon crystal wafer or chip of claim15, wherein the thickness of
the narrow | ayer of silicon oxide is about 1 to 5 nanoneters. 17. A nethod
for ablating a part of an electrically insulating |ayer covering a surface
of a silicon crystal wafer or chip, conprising providing said silicon
crystal wafer or chip conprising on topléf a substantially clean surface of
the silicon crystal wafer or chip, a |layer of anorphous silicon, the

anor phous silicon being a substantially pure or hydrogeni zed or

sem conductr AlkMRbd #RREAEIlAL En AFRIRIORST nfithdCRP abl‘aﬁn‘ﬂ% 98:& B??Jé ayer of

anor phous silicop,.a |ayet of the 'electrically insulatlng surface |ayer
bei ng subst F?CQHYV’SPL"&%% F&Fﬁvwgaﬁuééﬁqgamm%ﬁ@tw grorghilser beam
that is exicemptiviagy absorbed in the |ayer of anorphous silicon, and
irradiatin e [ f . he silicop.crystal er .or_chip a pul sed

| aser beamggﬁg%%é%%&%gflgbn‘g?wuﬁaﬁ%ﬂﬁ%’e ﬁld’oﬂ cﬁ’\llﬁ\?ai Fafgt or chuppa %ﬁ’b‘?’gd to
melt and ewmoeophiope silinen,|the@morphoumsiligimchesngsa substantialiy pure ar hgdrogerniasipondi ng
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claim17, #hEPRaysef thesdectieally ipatletingryriace lyyq%mmg ibstantially transpaent
nanonet er s o &6ptial WendleMeHOY labbrliRARALAS s BRENE Ry QbsdrBditin tndlayaifes per

square centineter, .areferabl bout .0. 32 Joul.es pe uare centineter, and
the pul se 8% OB%S‘P‘@% e%ﬁgcﬂ%‘ﬁﬁ?@ﬁﬁﬂ’&%oﬂlmﬁgpuﬁgﬁgtm SOPICEI04i m 17 or
18, wher ei saif mppiratusgsingite thérmozignamicyadddl tha basdicd thehaser flaeaee iabREon

provi di ng | i |ld ryst er_or chip having,on,to f the clean
surface of sgmgdré/fs%igP o%aafy%rlg{éerr cﬁya@f?’m§r%§]ciﬂ§e(§§’taédhsg&sﬁ%%£? Sscct,llpg% surf ace
of the cryynedar theghaptep heasting " Bhredraticel comsidpiations"si | i con | ayer, a narrow
silicon oxide |ayer having a thickness correspondi ng substantially to an
oxi de |ayer thickness obtained naturally by exposing a clean surface of the
subst ant i allyA SOMBUSE PIOSFATE O 8 GAITISF CPIBPESing epraputet inswentiosopsewigbloirar or

chip to a pRgihmableRFRIALS (IR R stERITTheAhethol OF AR ol SIAKENTI-®,
pressure andt a no:?gfl%rgom %ﬁpertﬁt rg. 16 2{1 A |[7ret Hod for controlling
an appar at §5'9% FHPS P 1T ?fgo anyne of claims 1y o 1P rerdq cagy pHdhE at i ng

| ayer covestepgofdhs meflmdefofaim 20i | i con crystal wafer or chip conprising on
top of a substantially clean surface of the silicon crystal wafer or chip,
a layer of anorphous silicon, the anorphous silicon being a substantially
pure or hyd?-cyehoteeeltaieedll cemipdsiog theeiugditamtqﬂe@ugw aickenaemdpbion evel daipedn, and
on the | ayglica crostar whtersr sHib hoRllcedty MY Hetld df iy InBEFEGA | Yol iy aling

surface | ayer being. substant trdnsparent to an optic wavel ength of a
| aser bean&@ﬁ%?th‘?‘g‘)f@}i‘ﬁ’%i"@@ayn% 5ofbed in the layer of anorphous silicon,
the nmethod conprising controlling a pul sed | aser beam source of said

appar at us [ t.he .1 her nodynami.c del that, predicts the |aser fluence
abl ati on t#é@ﬁ%?tﬂv%ﬁm%f@ PIISIE Hﬁe’%ﬁtfg Vﬁ\‘fer\&?ir“giwc?ﬁ“%ﬁ(ﬁ?é@@{ly gae of

di scl osed ¢lainmisfe- tlescri pti on under the chapter heading "Theoreti cal
considerations”". 21. A conputer programon a carrier conprising conputer
instruction executable in a programmabl e apparatus to carry out the steps
of the metXbd photeypltaineellogompriging the crysgyl veafertay chiprprodunet] it e st eps of the
met hod of A86a i 2 g teps of the

nmet hod of I?Iagrim 2(%:‘.1%a f@%ﬁﬁ% %haeicgc?nicdgllt‘??)% oarrlgﬁfgaﬁzﬁhe substantially
pure or sem conductor |evel doped silicon crystal wafer or chip produced by
the nethod of any one of clains 1 - 8, or by the nmethod of any one of
claims 17 - 20. 23. A photovoltaic cell, conprising the crystal wafer or
chip according to of any one of clainms 9- 16. 24. A photovoltaic cell,
conprising the crystal wafer or chip produced in an progranmabl e appar at us
operated by the conputer program of claim21.




