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Modeling of gettering of precipitated impurities from Si for carrier lifetime
improvement in solar cell applications
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Physical and numerical modeling of impurity gettering from multicrystalline Si for solar cell
production has been carried out using Fe as a model impurity. Calculated change of nonradiative
recombination coefficient of minority carriers in the course of gettering is used as a tool for
evaluating the gettering efficiency. A derivation of the capture cross section of impurity precipitates,
as compared to single atom recombination centers, is presented. Low efficiency of the conventional
application of the gettering process is explained by the modeling results. The variable temperature
gettering process is modeled and predicted to provide high gettering efficiency and short needed
gettering times. ©1999 American Institute of PhysidsS0021-897809)00717-3

I. INTRODUCTION solve such precipitates since they serve as sources that
L . L slowly release metal atoms into the Si matrix during the
A large minority carrier recombination lifetime or 10ng yeytering process. In a preliminary modeling study, we have
diffusion length in Si is essential for achieving high efficien- ¢, 4 that, because the process of silicide precipitate disso-
cies of silicon-based solar cells. Therefore, it is desirable tg .0 is extremely slow, it takes as long as 60 h or more at
minimize the concentration of recombination centers in Si7000C to completethe gettering process of Fe, which has

wafers used for solar cell applications. Such recombinatiorg)een introduced to the solubility limit at the 900 °C and sub-

centers include the structural defects, e.g., dislocations, gralgequently a fairly high density of precipitates has been

bpundane;, twms., etc.,_ as well as met_al.hc Impurity a.tom_sformed at 700 °C.Here completionof the gettering process
dissolved in the Si ma_trlx and thelr.p.reglpnates. Gettering Smeans to completely dissolve all precipitates and subse-
known to be an effective way of minimizing the Concentra'quently the dissolved impurity atoms reached the steady state

;'On o;'lrr;]psntlles in Si. U.T“kf Lhe_: castehpf ||ntegratte?h0|rcw;s distribution in the gettered and gettering regions. Increasing
or which devices are situated In a thin layer at the waler, gettering temperature can accelerate the precipitate dis-
surface, solar cells use the whole bulk of the wafer as th

active device reaion and hence recombination center conce olution process and increase the diffusion coefficient of dis-
rations must be. minmized in the entire water bulk. Thi i 01Ved metal atoms. However, at a higher gettering tempera-
o T ' ture, the metal solubility is much larger and the needed
the reason thaintrinsic gettering- which is the standard - : . . . . .
; S ; C precipitate dissolution completion time can still be fairly
technique used in integrated circuitC) fabrications and L . . T
: . . ; . long. Thus, it is possible to result in worsened carrier life-
consists of removing metallic contaminants from the Si wa-,. . o
times for cases for which the gettering times are shorter than

Leerllzurface region to the wafer bulk, is not suitable for solarthe needed completion time of the gettering process. This

Only extrinsic gettering methods can be effective for re_provides a possible explanation of the experimentally ob-
moving metallic impurities from the whole bulk of a Si wa- served degradation of low cost Si solar cell performance af-

) ) o . ter a short time gettering at 950 %€.Moreover, also be-
fer. Such methods include gettering by a liquid alummumcause of the increased metal solubilities at the higher
layer (LAL), by P in-diffusion, and by wafer surface dam- g

ages. It has been shown that LAL gettering can significantl ettering temperatu_res, the ge_tterlng driving force, wh|c_h 1S
. L . e he metal segregation coefficient between LAL and Si, is
increase minority carrier diffusion lengths and hence also

lifetimes in Czochralski %, but the effectiveness of the smaller, resultlng |n.the fact that the uItlm_ater attainable
L . . metal concentration is larger than that attainable at a lower
method is limited for commercial or low costulticrystal- . . .
. . o o . : : gettering temperature. Thus, the choice of the gettering tem-
line (MC) Si containing metallic impurities in high . . . L
. Tag . ) . . L perature is a compromise between diffusion coefficient and
concentrationd* In MC Si, besides dissolved impurities, L . . .
) . recipitate dissolution on the one hand and segregation co-
there is also an abundance of structural defects which serve . .
e - I efficient on the other hand. Modeling of the process of get-
as preferential sites for metal silicide precipitates to form.__ . . . : !
. L . tering presented in this article confirms the above assess-
For successful gettering, it is necessary to completely dlsr-nent
In this article we will concentrate on the modeling of the
dpresent address: Avant! Corp., 46871 Bayside Parkway, Fremont, CA AL method for the gettering of metallic impurities in MC

94538. ; ; At
Ypresent address: Max-Planck-Institute of Microstructure Physics, Wein-SI wafers used for. CommerCIal. SOIaIT cell fabrlc_atlo_ns. The
berg 2, D-06120 Halle, Germany. modeled_aspects include the impurity atom Q|ffu3|qn and
“Electronic mail: ttan@acpub.duke.edu segregation processes, and the precipitate dissolution pro-
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cess. Furthermore, a derivation of the carrier capture crosdiffusion in Si bulk to the LAL-Si interface, rather than the
section of impurity precipitates, as compared to single atonthemical reaction of impurity transition from Si into Al. This
recombination centers, is presented. In order to improve theneans we may consider the gettering process as one for
gettering efficiency and to shorten the needed getteringvhich the impurity concentration reached a quasisteady state
times, we propose a variable temperature gettering schemm the LAS—Si system, which allows us to assume that

To estimate the effectiveness of gettering, the recombinatiorehC; andj <hC,/m hold. Hence, for our present problem,
coefficient of minority carriers diffusing through silicon wa- Eg. (2) reduces to

fer from one surface to the other is used. It takes into account

the recombination on the centers formed by both dissolved Cra=mCsi, 3
and precipitated impurity. which is a boundary condition independent of the computa-
tional grid.

To treat the problem of LAL gettering of precipitated

IIl. GETTERING MECHANISMS AND FUNDAMENTAL impurity, a set of four equations has been developed

EQUATIONS
_ _ , aC _9°C

An Al layer on the Si wafer surface provides gettering i D W+47TrpD(C* -0C), 4
effect because of chemical segregation. The solubility of
most metals in Al is very high, reaching 1 at. % in solid Al. 2Qy
Above the eutectic temperature of 577 °C, wherein a liquid C* :Ceqexr{ m) (5
Al-Si alloy forms, the solubility of metals can typically ex- B
ceed 10 at. %, or 8 10?*cm™3. Since the solubility limit of dr ab
metals in Si does not exceed10' cm 3, their segregation -7 (© —C), ©®
coefficient between the Al-Si liquid and Si is higher than
10%, reaching 1& for many metals. This provides a tremen- ~ 9Cget_ D (&) 0
dous driving force for metal atoms to segregate into the dt dget| IX 0

Al-Si liquid layer. This gettering method should be highly . . . .
effective for interstitial metal species because of their IargéOr which the_ pr§c_|p|tates are assumed_ fo be _spher_lcal n
segregation coefficients and diffusivities in Si. Al itself has ashape, for simplicity. I_n E_qs(4)—(_7), c .'S* t_he |mpur|ty
relatively low diffusivity in Si compared to most other met- (_metab atom concentration in the Si mairi,” is the impu-
als. Solar cell efficiencies can be improved by the use of Al o . : eq: i
for a variety of reasons, with gettering being an importantand the precipitate with radius C*lis the thermal equilib-

contributor? Because of the involvement of the segregation”.uméqncﬁmratl'on of ]Ehe impurity, is the precipitate den-
processes, which occur simultaneously with the impurity dif-3'%> {2 1S the volume of precipitate per one impurity aton,
the precipitate-matrix interfacial energy densikg is

fusion, the gettering process is in general described by thE ) . )
diffusion-segregation equatibn Boltzmann’s constant, and,, is the thickness of the LAL

gettering layer. It is noted that Eq§4)—(7) apply to the
dC 9 dC Cdm precipitate growth as well as dissolution processes. It was
gt ox| \ax max| | @ assumed that the impurity diffuses sufficiently fast in the
liquid Al layer, so that its concentration can be considered
uniform in that layer.

wherem is the segregation coefficient of the gettered impu-
rity species. The value afiequals 1 in Si, and in the Al-Si

melt layer equals the ratio of the metal solubilities in the
Al-Si layer and in Si. For segregation occurring at an abrup{“' CALCULATION OF RECOMBINATION RATE

junction, e.g., at the interface of LAL and Si, one can also  In the process of photocurrent/voltage generation in Si

use the empirical computational flux criterfon solar cell by photons, electron-hole pairs are created and
C, separated to the two wafer surfaces by a junction electric
js=h{ Ci— m—) (2) field and by carrier diffusion. The electron-hole pairs are

2

generated mostly near the front surface of the wafer, and to a
wherejs is the flux density at the Si and Al-Si liquid inter- lesser extent in the bulk. However, for the purpose of esti-
face, C, is the impurity concentration at the last computa- mating the carrier recombination rate in the Si bulk, we will
tional grid point at the Si side of the interfac€, is the consider only the carriers near the back surface because of
impurity concentration at the first computational grid point atthe longer distance they have to travel as minority carriers to
the Al-Si liquid side of the interfacem, is the impurity  reach thep-n junction. To increase the cell efficiency, the
segregation coefficier{for the LAL gettering case it is the number of minority carriers reaching tipen junction should
impurity segregation coefficient in the Al-Si melt relative to be maximized, which can be achieved by providing a wafer
Si), andh is the mass transportoefficient. It has been re- back surface field and by decreasing the minority carrier re-
cently shown thdth=D®/\, whereD®" is an effective dif- combination rate in the bulk of the wafer via impurity get-
fusivity through the transition layer between Si and LAL, tering. For the purpose of evaluating the effectiveness of the
and\ is the thickness of the transition layer. Except for angettering process, we consider only the process of electrons
extremely short period immediately after the onset of thediffusing as minority carriers through thetype Si wafer
gettering process, the impurity gettering rate is limited by itsbulk containing recombination centers. Within a local diffu-
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sion domain, the excess electrons are also diffusing to eaqfy is ~25 cnfs*, a concentration of 8 10°cm™3 evenly

of these centers to recombine with holes. With all the excesgistributed centers will be required to give rise to such a
electrons assumed to be generated at the wafer back surfaggort diffusion time. Since neither the precipitates, typically
i.e., atx=0, the average excess concentration of electrons af a density of less than #cm3, nor the dissolved impu-

depthx may be represented by rity atoms, typically of a density of less than'18m™2, have
X o X) such a high concentration, we see that the recombination
on(x)= 5ﬁ(o)exp< - f d ) , (8 events should be limited by the diffusion process of electrons
0 Vi to reach the centers. Now, consider only one kind of recom-

wherev y; is the average speed of electron diffusion from thePination centerddissolved atoms or precipitajeith con-
back to the front of the wafer, ang.. is the recombination centrationC. Let each center be surrounded by a spherical
constant expressed as diffusion domain of radius
1/3

11

4
a’rec:Vthzi: Cioi, C) R= ( 37C

. . N . . within which the minority carriergelectrons diffuse to this
wherevy, is thermal velocity of minority carriers;; is con- L . . .
th y Y i recombination center. Thartual surface of this recombina-

centration of theth-type of recombination centers, andis i ter h herical sh ith dius determined b
their carrier capture cross section. For a given impurity, pos-Ion center has a spherical snape with a radius determined by
he capture cross section via

sible types of recombination centers are dissolved individua‘i
impurity atoms and impurity-containing precipitates. In this o\ 2
work, we assume that all impurity precipitates at a certain =~ "'rc= —> (12)
depthx have the same size, and hence the same capture cross

section. Otherwise, a Summatiam' integratio[) with respect Every nonequilibrium minority carrier that reaches the vir-
to the size of precipitates is needed in E9). It should be tual surface of the recombination center recombines. Thus,

noted that the additive contribution of an impurity to the the excess concentration of minority carriers vanishes at the

recombination constant becomes multiplicative when théecombination center, i.ean(r)=0 atr=r . Note that the
percentage of nonrecombined minority carriers is calculateddomain sizeR is much smaller than the thickness of the
according to Eq(8). Thus, the presence of an impurity at a Waferds;, then in steady state at=R, on(r)= ono= const
certain concentration is equa”y crucial in h|gh and low qua]-hOldS. The distribution of minority carriers in the diffusion
ity material, regardless of the concentration of other impuri-domain is described by the diffusion equation in spherical

o

ties and extended defects. coordinates, with the solution
We propose to characterize the contribution of an impu- r
rity to the recombination of minority carriers on their way on(r)y= 5no< 1- —m), (13
from the vicinity of the back surface to the front surface by '
the relative integrated recombination constant taking into account that,.<R. The total number of non-

equilibrium minority carriers in the domain 8N~ ény/C.

d
Jol CsoX) sort Cppt(x)app']dx, (10)  The flux density of minority carriers at the lower boundary

* —

dsi( Cosort CpptTppt) r=r.is found as
where dg; is the thickness of the wafer, the subscript sol _ dén C6N
stands for dissolved impurity atoms in solution and ppt for ~ 1(f'r)=—D| -] =—D——. (14
precipitates, and the superscript O stands for an appropriate "rc °
reference value prior to gettering, which is assumed to bgnen
uniformly distributed in the wafer. Thus, in a situation of 45N
nonuniform time-dependent distribution of recombination —4mr2j(r,)=—4mr,DCON. (15)

centers of various kindsg* is a very demonstrative and dt

inclusive measure of the minority carrier recombination rate
In order to calculate®, it is necessary to evaluate

appt! 7501 @S @ function of the precipitate size. For this pur-

pose, we need to first decide whether the carrier recombina- déN

tion process at a center is limited by a potential barrier atthe gy ~ ArecdN. (16)

center or by diffusion of the minority carries to the center. It o .
is known that the electron-hole recombination reaction timgcombining Egs.(9), (15), and (16) we obtain the capture

at a center possessing a deep level is on the order dfg0  Cross section for recombination centers of one particular type
Thus, for the process to be limited by the reaction itself, the?S

carrier diffusion time for reaching the center from the matrix 47Dr
needs to be shorter than or at least comparable 16~ °s. o= <
To travel from the Si matrix to the recombination center, an
excess electron will diffuse, on average, half the distancén Eq. (1) the superscript eff specifies that the capture cross
between two centers. Considering that the electron diffusivsection of a recombination center is an effective quantity,

On the other hand, by the definition of the recombination
constant, we have

(17

Vin

Downloaded 28 Sep 2004 to 66.194.114.222. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



2456 J. Appl. Phys., Vol. 86, No. 5, 1 September 1999 Plekhanov et al.

which takes into account that near the surface of a recombdicted, and precipitation should be slightly slower. However,
nation center the excess minority carriers are depleted, arttlis difference is noticeable only at very small precipitate
the recombination rate is limited by diffusion of these carri-sizes, and does not significantly affect the results obtained
ers. If the recombination center is a single dissolved metafor larger precipitates since the role of the interfacial energy
impurity atom,r .= Br4, Wherer 4 is the atomic size, and decreases as the precipitate size increases. It is also assumed
B~1 holds. For a spherical precipitate of radiug,, r,. that precipitates are composed of only Fe and Si atoms with-
~r oo holds. The capture cross section of a single atom isut a third element, e.g., O or €.The presence of a third

oo, and that for a precipitate is then element may make the precipitate more stable than pure sil-
r icide precipitates, which can further slow down the precipi-
ppt (18) tate dissolution process.

Oppt= USO,Br : . . , '
at First, time-dependent profiles of Fe concentration and

The fact that the precipitate capture cross section is proprecipitate sizes throughout the wafer were calculated using
portional to the precipitate radius, rather than its secondegs.(3)—(7). The results then allow us to calculate the rela-
power, accounts for the diffusion limited recombination pro-tive integrated recombination consta#it as defined by Eq.
cess. To further check whether the assumption that carrigi0). The reciprocal value of* is the relative lifetime after
recombination is limited by the excess minority carrier dif- and before the gettering process. The quantityis calcu-
fusion process, we estimate the minority carrier lifetime inlated at each instant with respectdq.. at the beginning of
the presence of precipitates capable of providing infinitelythe process. It provides an instantaneous monitoring of the
high recombination rate. If the lifetime turns out to be tooimpurity concentration and distribution between solution and
short, then the assumption is not valid. Using E@.and  precipitates at any time during the gettering process, as
(18), vyp=10"m/s, rop=10nm, r,=1.7 A, and Cppt  would be observed if the process was abruptly terminated by
=10"cm™3, obtain carrier lifetimer=1/a=18us, whichis  quenching the sample from the gettering temperature down
a rather large value. Thus, the diffusion limited recombina-to room temperature. It is specifically noted that the calcu-
tion assumption does not contradict experimental lifetime retated recombination constant is that of the considered impu-
sults. Equatior(18) allows us to evaluate the recombination rity only. In experiments, there are other recombination cen-
constant due to the presence of both dissolved and precipiers and impurities in the crystal also contributing to the
tated impurities. observed recombination rate.

Gettering of precipitated impurity requires a significantly
longer time than that of dissolved impurity atoms since pre-
cipitates continuously supply impurity atoms into the solid
solution until they are completely dissolved. An example of

The impurity gettering process involving precipitate dis-the calculated profiles of dissolved impurity concentration
solution is modeled for the case of using a layer of Al-Siand diameter of precipitates at different stages of the getter-
liquid (LAL) on the backside of a Si wafer and Fe as aning process is shown in Fig. 1. The getter layer is deposited
impurity. The approach can be easily adopted for modelingn the side corresponding to zero depth. If the precipitation
of any other interstitially dissolved impurities. The thicknesstemperaturd ; is lower than thegetteringtemperaturd y,,
of the wafer is assumed to be 2@, the thickness of LAL  after the onset of the gettering proce€x,, increases and
is assumed to be 2m, and Fe solubility limit in the LAL is  reaches its thermal equilibrium valueBj because the rate
assumed to be 1 at. %, which is an underestimate. The used precipitate dissolution exceeds the rate of impurity out-

IV. NUMERICAL MODELING OF GETTERING
PROCESS

Fe solubilities and diffusivities at diffusion to the LAL layer. This causes a temporary increase
2946 in . Then, at a given depth Cg, remains almost the same
C89=1.82x 106 exp( i \/)0m—3’ (199  until precipitates at that depth are completely dissolved. The
kgT dissolution of precipitates proceeds in a layer by layer man-
0.68e ner, starting at the LAL—-Si interface. After all precipitates
D=1.3x10"° exp{ — T V)cmz s 1, (200  are dissolvedC,, is rapidly reduced to the value determined
B

by the segregation coefficient between LAL and Si. Only at
respectively. As initial conditions, the total concentration ofthis point does the value of* decrease to become lower
Fe atoms in Si, including those in dissolved state and thosthan its initial value, see the solid line case of Fig. 2. The
present in precipitated form, is assumed to be equal to thexperimentally observed recombination constant strongly de-
thermal equilibrium Fe concentration atfaghen saturation  pends on the gettering time and cooling rate, which deter-
temperaturel ¢y, at which the Si wafer was saturated with mines the balance of impurity between solid solution and
Fe. The concentration of dissolved Fe in the Si matrix isprecipitates. If the gettering process is not conducted long
assumed to be equal to the thermal equilibrium Fe concerenough to dissolve all precipitates, and the sample is cooled
tration at a(lower) precipitationtemperaturel ,;, at which  sufficiently fast, the measured value ef may exceed its
the Fe precipitation process has taken place to completionnitial value. Moreover, under certain conditions; can in-
yielding a precipitate densit@,,. The precipitates-Si inter- crease after the gettering process, irrespective of the getter-
facial energy is assumed to be small and hence neglectethg time used. For instance, for the caseTgf=1000°C,

The actual energy of the interface is positive, and dissolutiol ;=600 °C, andC,,= 10%cm™3, gettering conducted at

of precipitates should therefore be slightly faster than pred1200 °C for a sufficiently long time to reach the equilibrium
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FIG. 1. Calculated concentration profiles of dissolved #&end precipitate
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FIG. 3. Calculated relative integrated recombination constant as a function
of gettering times for different gettering temperatures. The light lines cor-
respond to constant temperature processes. The heavy line corresponds to a
variable temperature process with temperature decreased from 1200 to
700 °C in 100 °C steps, at the indicated temperature steeping-down points.

plains the fact that the carrier lifetime may drop as a result of
impurity gettering in multicrystalline St° If T > T, the
concentration of dissolved impurity drops at the beginning of
the gettering process, and precipitates grow. This results in a
decrease of*, as shown in Fig. 2. Such a process is similar
to the effect of intrinsic gettering. Just by itself, it is of lim-
ited benefit for practical applications because usudlly;

can be expected to be fairly low for an as-grown crystal, and
the needed 4, Will be so low that a desired result will not be

radii (b) at different stages of the gettering process. The gettering Al-siobtained in a reasonable gettering time duration.

liquid layer is located at O depth.

state, leads to an increase @f by a factor of 3. This is

The time needed to complete the gettering process and to
reach equilibrium depends on the initial concentration of im-
purity, precipitate size and density, and the process tempera-

understood by considering that, although the total concentrgures. At higherTye;, the needed time is shorter but, on the
tion of Fe is much lower after gettering, most Fe atoms are iPther hand, the residual concentration of dissolved impurity
solution, and are much more active electrically. This ex-iS higher, which leads to a larger ultimately attainabfe

2

10 T T r " T "

Recombination constant o*

T,_=1100°C
10"t T,=850°C 4
1 -3
C,,=10" cm
— T __,=700°C
2 Pt o 4
10° b ---- T,,=900°C
10° 3 =] S " ] "] 3 ") ‘5
107 10" 10 100 100 10° 100 10" 10" 10
Time, s

FIG. 2. Relative integrated recombination constant as a function of getterin

value, see the light lines in Fig. 3. For instance, at 1200 °C,
the process is completed in about 200 s, but the reduction in
o* is comparatively small. On the other hand, gettering at
700 °C provides a very significant decreaseaify but re-
quires 55 h of gettering time. Thus, the choice of a gettering
temperature is an inevitable compromise between the process
duration and the attainable reduction in the recombination
constant.

We suggest a variable temperature process so as to take
advantage of both the high and low temperature processes:
short gettering time and small recombination coefficient. A
high gettering temperature stage is employed first to dissolve
the precipitates and to rapidly outdiffuse the dissolved impu-
rities to the LAL. Subsequently, a lower temperature getter-
ing stage is implemented to reduce the dissolved Fe concen-
tration to attain a low* value. For the purpose of further
shortening the gettering time, a multistage process has been
considered, see the heavy curve in Fig. 3. For this case, the

times. Normalization is made to the value at the beginning of the procesgemf:)erature is decreased from 1200 to 700°C in 100°C

shown by the solid line.

steps. As a result, the large recombination constant decrease
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----- Tq=1000°C, T, =850°C precipitates and at individual dissolved impurity atoms

10° T i man V. CONCLUSIONS
4 C _1011 -3 . . .
10 e TN Madeiohevae Physical and ical modeling of th f get
o | Tpe700°C 2l 0\ Senting e _Physical and numerical modeling of the processes of get-
10° | P A Ny 900 1 tering precipitated metallic impuritied-e) from Si bulk has
2 7, N . . . .
10° ¢ 7 R E been carried out employing the gettering method of using a
10’ P N ‘_ff’\ii‘\»l 1 liquid Al-Si layer. The results of the gettering are evaluated
10 = I using arelative integrated recombination constamhich
y ——— T,=900°C, T,=850°C ! { P accounts for minority carrier recombination events at both
Vo
1

Recombination constant o*
N
(=)

w0 b E:j;gg:g: }3::32328 _______ througho_ut the. Si wafer.. The effective capture Cross section
0° L Tou= 900°C, Ty, - variable \i§ === of preC|p|t_ates is proportlonal_ to the cubic root.of the r_1u_mber
o | o ;”‘:}?8808'19"'::22::2 T of atoms in them. This explains the low electrical activity of
P S T::=120000: T::_Variab,e impurities in precipitates. During gettering, precipitates have
10" ¥ 0 T,,, stepdown points ‘ to be completely dissolved before recombination coefficient

L T T T T B TE AP Rt can be reduced. This requires either long process time, or
Gettering time, s high temperature resulting in high residual impurity concen-

o o _ tration. Thus, gettering at a constant temperature is an inevi-

FIG. 4. Qalcglated rela_tlve |nteg_reteq recqmblnatlon constant as a functlo?able compromise between very long process time at lower

of gettering times for different initial impurity saturation temperatures. The . . . . .

light lines correspond to constant temperature gettering conducted at 850 *@€ttering temperatures and high residual concentration of im-

The heavy lines correspond to variable temperature processes with tempenaurity at high gettering temperatures. A variable temperature

ture decreased from 1200 to 700 °C in 100 °C Steps at the indicated te etterlng process |S proposed Thls process aIIOWS us to take

perature stepping-down points. Variable temperature processes were opfi- . .
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