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This paper presents the results of computer simulation of the ideality factor of silicon n™ —p —p™
structure with iron contamination. The Solar Cells Capacitance Simulator (SCAPS) was the tool

used for numerical simulation of these devices. The iron concentration range of 10'° — 10" cm

-3
)

the acceptor doping level range of 10'® — 10'” ¢m ™3, the temperature range of 290 — 340 K, and the
base thickness range of 150 — 240 pm were used in the investigation. The double diode model was
used to extract the ideality factor. The following cases were considered: (i) uniformly distributed
lone interstitial iron atoms; (ii) coexistence of non-uniformly distributed Fe; and Fe;B,. It has been
shown that the ideality factor value is determined by a hole occurring on the Fe; level, a trap
location, and an intrinsic recombination contribution. The increase in the base thickness leads to a
decrease in n value. The sign of change in the ideality factor after Fe;B; dissociation depends on

temperature, doping level, and iron concentration.
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I. INTRODUCTION

In literature, there are several models that describe
the current—voltage (I — V) characteristics of the solar
cells (SCs). These models contain some parameters which
reflect the processes within the structures and are related
to the main characteristics of the photovoltaic conversi-
on. So the single diode model with three parameters
has been used to represent the SC static characteristic
because of simplicity:

I=1I, |:exp (-5}2) — 1] — I, (1)

were I is the saturation current, n is the diode ideali-
ty factor, I,, is the total current generated by a
solar cell. The ideality factor value indicates a defect
related recombination and directly determines open-
circuit magnitude:

KT (1
VOC:nln<ph+l>. 2)
q Iy

Equation (1) does not take into account a leakage current
and a series of losses of load current. Besides, the widely
used double diode model is developed by considering the
effect of the recombination current loss in the depletion
region [1-3]:

I = In [exp <_Q(V‘RSI)> - 1} (3)

kT
q(V — R.I) V — RJ
I ) | 4+ ——
+ 1o2 [exp ( kT + R ph

where the first term is closely related to the recombinati-
on in the quasi-neutral region, the second term descri-
bes the overall space charge region (SCR) recombinati-
on, Ry and R, are the series and shunt resistance,
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respectively. In this case the relationship between the
ideality factor and SC characteristics is more compli-
cated. Some examples of the relationship between n and
open-circuit voltage and the fill factor in the two-diode
model can be found in [4]. Typically, the value of the
ideality factor ranges from 1 to 2 for real devices and
depends on ambient conditions and recombination center
parameters, including the concentration of traps [5-9].
This makes the ideality factor an important parameter
that can be used to describe the electrical behavior of
photovoltaic devices and characterize the recombination
in SCs [10].

A major obstacle to the development of such a conveni-
ent and express method is the multiparameter relati-
onship between the n value and the concentration of
recombination centers. This paper attempts to resolve
these difficulties by the simulation of I — V characteri-
stic of silicon solar cells, the determination of ideality
factor, and the study of n value depending on simulation
parameters. In contrast to the previous paper [11], in this
case the nT—p-pT-structure, which is closer to the real
SC, is under consideration. Additionally, the base thi-
ckness is known [12, 13] to affect SC efficiency; therefore,
the paper considers the influence of this parameter on the
ideality factor value.

The paper focuses on the case when the main recombi-
nation centers are the iron related defects. On the one
hand, iron atoms are among the most common as well as
the most harmful impurities in a silicon solar cell. On the
other hand, the Fe; B, pairs can be readily dissociated by
illumination [13]; the association reaction can take place
when exposed in darkness for ten minutes [14]. Such a
change in the recombination center state should lead to a
change in an ideality factor value, which is easy to obtain
experimentally and to use for the SC characterization.
Therefore, the paper also pays attention to dependencies
of n value change.

4701-1


https://orcid.org/0000-0003-0633-5429

O. Ya. OLIKH, O. V. ZAVHORODNII

II. SIMULATION DETAILS

The calculation presented here uses nt — p — pt
structure shown in inset in Fig. 1. Its main parts are
the emitter layer with thickness d,,, the base with the
hole conductivity and thickness d, and the p* layer
with thickness dgpsr intended for the back surface fi-
eld (BSF) creation. BSF-layer is designed to increase
the photovoltaic converter efficiency by reducing the
losses concerned with the surface recombination and such
structure is widely used for both manufacturing of real
solar cells and modeling [15-17].

The material of all layers was assumed to be
monocrystalline silicon. The temperature dependencies
of the bandgap were calculated using the Pissler equati-
ons [18]. The bandgap narrowing, thermal carrier veloci-
ties, and free carrier effective mass were taken from Yan
and Cuevas [19], Green [20], and O’Mara et al. [21],
respectively. Data from Couderc et al. [22] were used to
evaluate intrinsic carrier density and density of states
effective masses. The temperature dependencies carrier
mobilities were described by Klaassen’s theory [23, 24].

Uniform doping with phosphorus (the emitter layer,
concentration Np) and boron (base and BSF-layer,
concentrations Ny and Npgr, respectively) was assumed.

The following recombination processes were taken
into account: i) the outside surface recombination wi-
th electron and hole velocities 10% cm/s; ii) the intrinsic
recombination (radiative band-to-band and Auger with
coefficients, which depend on temperature and doping
level according to Nguyen et al. [25] and Altermatt et al.
[26]); iii) the Shockley-Read-Hall (SRH) recombination.

In the last case, as the base and BSF-layer uniform
contaminant, iron is assumed to be in concentration Np,.
It is well known that an iron atom is locates in the lone
interstitial lattice position in silicon (Fe;) or interacts
with ionized acceptors and combines into a Fe;B; pair.
The two cases were under consideration. In the first
one, uniformly distributed Fe; with concentration Nge
was assumed. This happens under constant illumination

or immediately after its termination. The temperature
independent donor level Ew,, = Ey + 0.394 eV [27-

29] and electron o, p. = 3.47 x 107157148 m? and
hole 0, pe = 4.54 x 1072 exp (— %% ) m? capture cross-

sections [30, 31] are associated with Fe;. In the second
one, Fe; and Fe;B; coexisted. They were non-uniformly
distributed through the base and BSF-layer. More details
are presented elsewhere [11] and representative examples
of the calculation are shown in Fig. 2. This happen under
dark equilibrium condition. The Fe;B; is amphoteric
defect and donor level ERp = Ey +0.10 €V, o)) p.p =
4 x 10717 m?, O'EFCB =2 x 10718 m? and acceptor level
Efig = Ec —0.26 €V, 05y pop = 5.1 x 107137725 m?,
00 e = 3.32x 107 exp (—%282) m? [14, 27, 28, 30-32]
are used in the simulation.

The dark forward dark I — V' characteristics were
generated by one-dimensional code SCAPS 3.3.08 [33, 34]
over a voltage range up to 0.45 V with step 0.01 V.
This software is widely applied in modeling various
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Fig. 1. Simulated I-V characteristic (marks) and its fitting
by Eq. (4) (solid lines 1 and 4). The dashed (3, 6) and dotted-
dashed (2, 5) lines represent the diffusion and recombination
currents, respectively. Nao = 107 cm ™3, Ng, = 10'® cm ™3,
T = 340 K, dp, = 180 pm. The results for lone unpaired
Fe; (circles, curves 4-6, red) as well as for Fe;Bs and Fe;
coexistence (squares, curves 1-3, black) are presented.
Inset: Structures, which are used in the simulation

solar cells [15, 16, 35-39], silicon based devices including
[15, 16, 39]. The used parameters are listed in Table 1.
Thus, the varied parameters were the boron concentrati-
ons in the base, iron concentration, base thickness and
temperature. Taking into account two defect configurati-
on, 15048 structures were simulated. The examples of
I —V curve are shown in Fig. 1.

Parameter Range |Number of values
dn, pm 0.5 1
dp, pm | 150 — 240 4
dgsF, pm 1 1
Np, cm ™3 10'° 1
Na, cm™3 [10'® — 107 9
Ngsr, cm ™3| 5.10'® 1
Nre, cm™® 10" — 10" 19
T, K 290 — 340 11

Table 1

The simulated I — V' characteristics were fitted by the
following equation:

I = Iy [exp <_Z¥> — 1]

|4
+ 102 |:eXp (_TZII{ZT) - 1:| . (4)
Equation (4) corresponds to the dark double diode model
with both series and shunt resistances neglected. The
first diode represents the “ideal” diode, describing the

so-called diffusion current characterized by the saturati-
on current Ip;, and the second diode is the so-called
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recombination current, characterized by the saturation
current Ipy and ideality factor n [3]. n, Ip1, and Ipg
were taken as fitting parameters and the meta—heuristic
method IJAVA [40] was used. The representative results
of the fitting are shown in Fig. 1 as well.

In the case of lone unpaired Fe; the following valus
were calculated: n§i! is the ideality factor if the SRH
recombination is taken into account only; ng. is the

ideality factor if both the SRH recombination and the
intrinsic recombination are allowed; dn$it = nh — np,
characterizes the influence of the intrinsic recombinati-
on on the ideality factor value. In the case of Fe;B; and
Fe; coexistence, the nil| np.p, onily = il — npep
were calculated (indices had the same meaning). Besides,
the change of the ideality factor after Fe;B association

ONFe_FeB = NFe — N Was calculated as well.

base

SBF
layer

0.0 0.3 0.6 0.9

100 120 140 180 181

x (pm )
Fig. 2. (Color online). The calculated base and SBF-layer distribution of the Fermi level position (a, solid lines), unpaired
interstitial iron concentration (b, dotted lines), and Fe;B; pair concentration (b, solid lines) at V = 0. Na, cm~>: 10 (curves
1, 2), 10'6 (3, 4), 10'7 (5, 6); T, K: 290 (1, 3, 5), 340 (2, 4, 6); Np. = 10"® cm™>; d, = 180 um. The positions of Fe; donor
level (dotted-dashed line) and Fe;B;s donor level (dashed line) are shown in the panel (a) as well

III. RESULTS AND DISCUSSION

Figures. 3-5 show the typical simulated dependencies
of the ideality factor value on temperature and both iron
and boron concentrations. Note that the dn$i! surfaces
(number 5, orange) are not shown if they practically coi-

ncide with the dn5il surfaces (4, yellow).

One should pay attention to Fig. 2 before a discussi-
on of the obtained dependencies. Firstly, the presented
data testify to the primary role of unpaired interstitial
iron in recombination even in the case of Fe;B, and Fe;
coexistence. In fact, the donor EE  level is below the
Fermi level and, therefore, the probability of capturing
of a non-equilibrium electron is small. Additionally, the
ideality factor value above all associated with a SCR
recombination and the Fe; concentration exceeds the
Fe;Bs concentration in the 2/3 thickness of the space

charge region. And it is confirmed by the similarity
between the dependencies of np.p (surfaces 1, red) and
nr. (surfaces 2, cyan) in Figs. 3-5. Secondly, the unpaired
iron atom concentration can be big enough in the case of
Fe,B,; and Fe; coexistence as well and it increases with
the temperature rise and a decrease in the doping level.
For example, the Fe; concentration in the quasi-neutral
region of the base reaches 23 (or 3) percent of Np. at
T =340 K and Ny = 10 cm™3 (or 10'6 ¢cm™3). That
is, under these conditions, the concentration of unpaired
iron atoms in the dark and Np, = 103 cm ™3 is larger
than the one under illumination and Ng, = 10 cm 3.
Finally, as only ionized iron Fej' (unlike to neutral iron
Fe?) actively takes part in the SRH recombination, these
processes efficiently occur at > 0.6W), (where W), is the
SCR depth). And the area of processes, which determi-
nes the ideality factor value, shifts away from the p — n
junction with an increase in the doping level.
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Fig. 3. (Color online). Ideality factor and its change as a function of the temperature and acceptor (boron) concentration. Nre,

cm™3: 100 (a), 10*® (b); dp = 240 pm. Surface 1 (red) reflects the nrep dependance, 2 (cyan) — nre, 3 (blue) — dnpe_ren, 4

(vellow) — dnfiy, 5 (orange) — Snir

= & -
Temperatare D % s

Fig. 4. (Color online). Ideality factor and its change as a function of the temperature and iron concentration. Ny, cm™3: 10'°
(a), 10*6 (b), 107 (¢); dp = 150 um. Surface numbers are the same as in Fig. 3

Fig. 5. (Color online). Ideality factor and its change as a function of the acceptor (boron) concentration and iron concentration.
T, K: 290 (a), 340 (b); dp = 180 pm. Surface numbers are the same to Fig. 3
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Several determinants must be taken into account when
analyzing the dependencies of the ideality factor on
temperature and the concentration of boron. Namely:

i) the occurrence of a hole on the Fe; level, whi-
ch determines the recombination efficiency. Accordingly
to the Fermi—Dirac statistics, the probability of a hole
occupation in a non-degenerate p-type semiconductor wi-
th full acceptor depletion can be expressed as

1
B 1+ Ny (T) xp (EV*EFCQ-) ’

fo ()

Ny € kT

It has been shown earlier [4] that the f,(7,Na)
dependence is generally similar to the observed
dependence of the ideality factor dependence. In parti-
cular, if f, is close to one (high Na value and low
temperature), this dependence changes slowly, n does
not depend on temperature and slowly rises with an
increase in the doping level — see Figs. 4(b),(c); 5,(a). If
Ny decreases or (and) T increases, the level is filled with
an electron in a sufficiently narrow range of arguments,
the SRH recombination ceases, and the ideality factor
value sharply reduces — Figs. 3, 4(a); 5(b).

v— v % v
(a)
131 w v

ideality factor

150 180 210 240
Base thickness ( um )

=200+

B(um")

-400

—o— 11 ——12 |

)

T 200

B (um

10° 10" 10"

Boron concentration ( cm” )

ii) the balance of the defect related recombination
and the intrinsic recombination. SRH recombination
generally causes an increase in the ideality factor value; if
the defect related recombination is dominant, the value
often reported in publications is n = 2. The radiative
band-to-band and Auger recombinations are enhanced
by the increase in both free charge carrier concentrati-
on (doping level) and temperature [25, 26]). In this case,
the ideality factor reduces and the values dn{i? and dnsily
become nonzero. This effect is observed in the corners of
surfaces in Figs. 3(a); 4(b),(c); 5.

The change in the impurity iron concentration has
almost no effect on the nature of the n dependence on
other parameters. However, the Ng, rise is expectedly
accompanied by an increase in the ideality factor value
(see Figs. 4, 5), which is almost linear with respect to
In(Npe). An exception is observed only when the level Fe;
is filled with an electron (n < 1.06). At the same time,
the intrinsic recombination has a greater contribution at
a low iron concentration and same other parameters; and
a sharp decrease in the ideality factor value is observed in
the wake of the low impurity concentration. The striking
examples are shown in Figs. 4(b),(c).

[=]

-400

Temperature ( K )

Fig. 6. (a) Typical dependencies of the ideality factor on the base thickness. The results for Fe;Bs and Fe; coexistence (curves
1-6, filled marks) as well as for unpaired Fe; sole (2a, 5a, 6a, empty marks) are presented. T, K: 290 (1, 2, 2a), 320 (3), 340
(4-6, 5a, 6a); Nre, cm™>: 10 (4, 5, 5a), 10'2 (3), 10'3 (1, 2, 2a, 6, 6a); Na, cm™>: 10'5 (1, 3, 6, 6a), 3.162-10'° (4), 10'7 (2,
2a, b, ba). The marks are the simulation result, the lines are fitted curves using Eq. (6). (b) Ideality factor thickness coefficient
vs iron concentration. T, K: 290 (1, 2), 325 (3), 340 (4-6); Na, cm™3: 10 (4), 10'® (1, 5), 10*” (2, 3, 6). (c) Ideality factor
thickness coefficient vs boron concentration. T, K: 290 (1, 2), 325 (2-5), 340 (6); N, cm™>: 10'° (3, 6), 10! (1, 4), 10'? (5),
10" (2). (d) Ideality factor thickness coefficient vs temperature. Na, cm™: 10'® (1, 2), 10*® (3, 4), 107 (5, 6). Nge, cm™>:
10 (3, 5), 10'2 (2, 4, 6). Panels (b)—(d) present results in the case of Fe;B, and Fe; coexistence

4701-5



O. Ya. OLIKH, O. V. ZAVHORODNII

Taking into account Eq. (3), one can see that the
the ideality factor appears in the item connected to the
SCR recombination. Therefore, seemingly, n should not
depend on the thickness of the n™—p—pT structure base.
However, such a dependence is observed (see Fig. 6(a))
and the ideality factor decreases with an increase in thi-
ckness. This is evidence that the n value is influenced by
processes in the quasi-neutral region as well. The ideality
factor changes in a similar way in both lone unpaired Fe;
and Fe;B, and Fe; coexistence cases and described well
by a linear dependence

n=ng—Bd,. (6)

where [ is the ideality factor thickness coefficient. The
maximum effect of thickness is observed at the middle
1.05 < n < 1.25 value. Figures. 6(b)—(d) show the
dependencies of 8 on the other simulation parameters.
One can see that the d, influence on n generally intensi-
fies with an increase in temperature as well as a decreasi-
ng of the concentrations of both boron and iron. The
decrease in the relative contribution of SRH recombinati-
on due to the electron filling of Fe; level as well as due to
the intensification of the intrinsic recombination causes
a decrease in the § module. In addition, Fig. 7 shows
the dependencies of the electron diffusion length (L,,)
in the base on the concentration of lone unpaired Fe;,
calculated by using SCAPS. Apparently, the influence of
the base thickness is observed in the L, > d, case only,
and this is the reason why S~ 0 at n > 1.3.
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Fig. 7. The calculated dependencies of the electron diffusion

length in the structure base in the case of unpaired Fe; sole.

The shaded area represents values of base thickness, were
used in the simulation

Also Figs. 3—5 show dependencies of the ideality factor
change after the pairing of interstitial iron dnpe_ren
— see surfaces 3, blue. Since the association reaction
leads to the depression of SRH recombination, it was
expected that npp < npe and dnpe_wes > 0 at all
the parameters values. The examples of such anticipated
dependencies are shown in Figs. 4(b),(c) and 5(a). In
this case, dnpe._pep increases with an increase in the
boron concentration and does not practically depend on
temperature and the iron concentration. Exceptions are
only observed if the contribution of intrinsic recombinati-
on increases and the dnp._pep decreases: see Fig. 4(b),(c)
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at high temperature and low iron concentration or
Fig. 5(a) at high doping level and slight concentration
of trap.

However, it turned out that the case of ngeg > npe
is also possible — see Figs. 3, 4(a), 5(b). The regions
of negative dnp._wrep value are observed in the vicini-
ty of the ideality factor decrease, which is induced by
the occupation of Fe; level. The reason for ngeg > npe
could be the difference in the Fermi level location in the
cases of lone unpaired Fe; and Fe; B, and Fe; coexistence.
However, calculations have shown that such difference
does not exceed 5 x 1079 eV and cannot be the cause of
the detected effect.

Figure 8 presents the spatial distributions of recombi-
nantly active interstitial iron atoms before and after the
pairs formation and transition to the dark equilibrium
state. It is evident that the degree of decrease in the
Fe;r concentration depends on the distance to the pn—
junction. In our opinion, the change in the N + profile
is the reason for the rise of the ideality factor resistance
to temperature and doping level in the case of Fe; B, and
Fe; coexistence. Note that the effect depends on the total
iron concentration: the increase in Ng, value leads to the
n decay at a higher temperature (Fig. 4(a)) as well as at
a lower boron concentration (Fig. 5(b)).

In turn, the dnp._re the value also depends on the
iron concentration in the vicinity of ngep > nge. As a
result, dnpe_rep, along with ng. and ngep, can be used to
estimate the impurity concentration by the parameters
of I — V characteristic.

1.0 F

£
=
™ 05k
£
=,

0.0
0.0

140 160 180

Fig. 8. The distribution of the fraction of positively charged

interstitial iron NFe_+ to the total impurity number Ng. in

the structure base. Curves 1 and 2 correspond to the cases of

lone unpaired Fe; and Fe; B and Fe; coexistence, respectively.

Curve 3 is the difference between 1 and 2. 7' = 330 K, Na =
3.162 x 10" cm ™3, d, = 180 um

IV. CONCLUSION

The diode ideality factor of silicon n™ —p—p* structure
with iron contamination has been studied via computer
simulation. The data used in the simulations were the
following. The iron concentration ranged from 10 to
10*% em™3, the acceptor doping level — from 10'° to
10'7 cm~3, the temperature — from 290 to 340 K, and the
base thickness — from 150 to 240 pm. It has been shown
that the temperature and doping level dependencies of
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the ideality factor value are mainly determined by a hole
occurring on the Fe; level. The n dependence on iron
concentration is a monotonic function. Additionally, not
only the concentration of the defect but also its location
influences the ideality factor value. The intrinsic recombi-
nation causes a decrease in the ideality factor value at
a high temperature and doping level as well as at a low
iron concentration. It has also been found that the base
thickness influences the ideality factor if it exceeds the
minority carrier diffusion length. An increase in the base
thickness leads to a decrease in n value. The investigation
has revealed that the ideality factor in the Fe;B, and Fe;
coexistence case can exceed the one in the lone unpai-

red Fe; case. The ideality factor change after Fe; B, di-
ssociation can be used for the contaminant concentration
evaluation.
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MOJEJJIOBAHHS ®AKTOPA HEIJJEAJIBHOCTI B nt—p—p'-Si-CTPYKTYPAX

O. 4. Ouaix, O. B. 3aBropogsiit
Kuiscvrutl naytonasvrult yrwieepcumem iment Tapaca Illesuenka,
6ya. Boaodumupcoka, 64/13, Kuis, 01601, Yxpaina

Y wiii pobori momaHO pe3ysbTaTH MOJEIIOBAHHA BEIMYUMHU (DAKTOPA HEirneasbHOCTI KPEeMHIEBUX
nt — p — pT-crpyxryp. Ilpu mpOMy BBasKaJjoCs, IO OCHOBHI peKOMOGiHAIiiHI TeHTpH B 6a3i CTPYKTypu
MOB’si3aHi 3 JOMIMMIKOBUME aroMamu 3aji3a. jis MoaeioBaHHS BOJIBT-aMIIEPHUX XAPAKTEPUCTUK TAKUX
crpykryp Bukopucrano Solar Cells Capacitance Simulator (SCAPS). IIpu upomy 101aTKOBO BpaxoByBaJiu
TeMIIepaTyPHI 3a/Ie2KHOCTI mapaMeTpiB K Marepiany, Tak i gedextis. Ilig 1ac po3paxyHkiB BapitoBaucs
BesmuuEn pisng gerysanns (101° <1017 cm 3 aromis Gopy) Ta TopmuHn (150 =240 MxM) 6a3u, Temmepa-
Typa (290 + 340 K) Ta xonmnentpanii momimxmn 3amiza (1010 + 10! em—3). Oxpemo posrasmanm sunaaky,
KOJIM BCi aroMu 3asi3a mepedyBajan B MiXKBY30JbHOMY IMOJIOXKEHHI Fe; Ta KOIM MepeBakHa YaCTHHA 3
HUX yTBOPIOBAJA mapu 3 Jeryiodoio gomimkoio Fe;Bg. Ocranniit Bunaok Bijmosinae crany piBHoBaru 3a
BiZICYyTHOCTI OCBIT/IEHHS i TIpM TILOMY CHiBBiTHOMIEHHS MiXK KoHIeHTpamiamu Fe; ta Fe; By Buznawasmocs
noJsiozkeHHsaM piBas Pepmi Ta Temneparypoio. Busnadenus sesmaunu dakTopa HeizeanbHocTi (n) Biadysa-
JIOCsI AIIPOKCUMAIIIEIO (3 BUKOpUCTaHHAM MeraeBpicTuaHoro Merony IJAVA) orpumanux BoJabT-aMIepHUX
XapPaAKTEPUCTUK.

ITokazano, mo HaBiTH 3a HasgBHOCTI Fe; By ocHOBHY posib y (hbopMyBaHHI BEIMYUHU 7 BiirparOTh MPO-
mecu pekoMOiHaIil 3a y9acTio piBHiB, moB’s3anux 3 Fe;. 3amexHoCTi n Bix Temneparypu Ta piBHS JeryBa-
HHSI BU3HAYAIOTh, HacamIepes, 3acemericrio piBus Fe;. Komn miacumoerbest BigHOCHUIT BHECOK MPOIECIB
BJIACHOT pekombinanii (BMCOKI Temneparypu Ta PiBeHb JIETyBaHHsI, HU3bKI KOHIEHTPAIIl JOMIIKY), Bij-
OyBaeThCs 3MeHIeHHs hakTopa HeigeanbrocTi. Ha Besmanny n, OkpiM KOHIEHTpAMl 1edeKTiB, BIIUBAE
TAKOXK IX MPOCTOPOBE PO3TAIIYBAHHS MO0 P — N-MEPeXoay. 3i 30LIbIIEHHIM TOBIIUHU OA3U CTPYKTYPHU
(ko BOHA nepeBulLy€e H0BXKUHY Audy3il HEOCHOBHUX HOCIIB Ta Kosiu nepeBaxkae pekombGinanis TToksi—
Pina-Tonna) BinOysaeThcsa He3HAUHE 3MeHIIeHHS (akTopa HeimeambHocTi. [lokazano, M0 MOXKYTH pea-
JII3yBaTUCSA BUIIAIKU, KOJIU 7 Tmicjast po3nany Fe;Bg 3menrnyerbcsi. 3ampomoHOBaHO, 10 3MiHa (akTopa
HeimeanbHOCTI micisa po3nany Fe;Bg, mopsa 3 abcomoTHuM 3HAYEHHAM 7, MOXKe OyTH BHKOPHCTAHA, JIjIs
OIIIHKU KOHIIEHTPAIIil JOMIIIOK.

Kurouosi ciioBa: daxTop HeigeanbHOCTi, KpeMHiit, nT—p-pT-crpykrypa, SCAPS, xonmnenTparmis 3a-
Jiza.
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