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Using the computer simulation method it was studied the dependences of nonequili-
brium electrons lifetime from concentration of elementary bulk point defects and various
complexes of the bulk point defects, which may be present in the n*-p-p* diode structures
based on p-type conductivity boron doped silicon crystals with 10 Ohm-cm resistivity,
grown by the Czochralski method. A number of obtained results well correlated with the
experimental data related to the effects of photon degradation in solar cells which based
on considered type silicon crystals (Si—SC) and influence of a stationary magnetic field on
such devices efficiency. Overall, our results provide additional possibility for the evolution
features prediction of electronic, and consequently, functional parameters, not only for
Si-SC, but also for other devices based on such diode structures. It will allow looking for
the most efficient and cost effective ways to optimize their design-technological solutions,
and also estimates their reliability and durability level.

MeTooM KOMIOBIOTEPHOTO MOJEJNPOBAHUSA MCCJIEJOBAHLI 3aBUCUMOCTU BPEMEHU KU3HU
HEPaBHOBECHBIX 9JIEKTPOHOB OT KOHIIEHTPAIIUU 9JIeMeHTApPHBIX O0BLEMHBIX TOUEUHHIX Aedex-
TOB U PasJUYHBIX KOMILJIEKCOB OO0BEMHBIX TOUEUHHIX Ne()eKTOB, KOTOPHIEe MOTYT IIPUCYTCTBO-
BaTh B n-p-pt ZMOZHEIX CTPYKTypax Ha OCHOBe KPHCTAJJIOB KPeMHHUA P-THUIA IIPOBOJMMOCTHU
¢ yzeabHBIM comnpotuBieHueM 10 Om-cM, BhIpammBaeMbIX MeTOAoM YoXpasbCKOro U JIETHUPY-
eMbIX Oopom. Psij mosny4ueHHBIX Pe3yibTaToB COTJIACYETCS C M3BECTHBIMU 9KCIIEPUMEHTAILHbI-
MUY [JaHHBIMH O BJIWSHUU COJHEYHOrO MBJIYYEHUS M CTALMOHAPHOI'O MACHUTHOI'O IIOJS HA
a(pdeKkTUBHOCTL pPaboOTBl KPEeMHHUEBHIX (QOTO9jIeKTpUUuecKux mnpeobpasosareseit (Si-P3II) c
OUOHBIMUM CTPYKTYPaMM pacCcMaTPUBAeMOro UM NOJOOHOro Tumna. PesynbTaThl HacToAIleit
paboThl 06ecIeUnBAIOT JOIOJHUTEIbHYI0 BO3MOKHOCTH IIPOTHO3UPOBAHUSA OCOOEHHOCTEI 9BO-
JIOUUU BJIEKTPOHHBIX, & CJIeOBATEJbHO, M (PYHKIMOHAILHBIX [IapPAMETPOB, He TOJBKO Si-
®DIII, HO U APYyrux IpUOOPOB HA OCHOBE TAKUX AUOTHBIX CTPYKTYP, UTO IIO3BOJUT Hambosee
a(pPeKTUBHO ¥ SKOHOMUUECKU BBITOJHO HCKATH IYTHU ONTUMUBAIUUN UX KOHCTPYKTUBHO-TEX-
HOJIOTUUECKOTO PEIIeHUs, a TaKyKe OIleHMBATH YPOBEHb UX HAJEKHOCTU U TOJTOBEYHOCTHU.

© 2011 — STC "Institute for Single Crystals”

1. Introduction

Rapid development of ecologically clean
technologies for energy supplying and im-
pressive practical achievements in photovol-
taic have caused the irreversible avalanche-
like growth of world solar cells (SC) produc-
tion [1, 2]. Recently, about 90 % of the
total world solar cells manufacturing is
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their serial production on the silicon base,
from which up to 30 % is belong to single-
crystal Si-SC [2]. According to [1] the men-
tioned tendency will occur in the nearest
and more distant prospects. This caused an
actuality of research aimed at single-crystal
Si-SC cost reduction and their efficiency in-
crease.
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Currently, such research includes a com-
puter simulation of electronic processes
which conditioned Si-SC efficiency level de-
pending on the features of their design and
technological solutions (DTS) and acting ex-
ternal factors (EF). The mentioned above
information directly applies to the single-
crystal Si-SC, the efficiency of which de-
pends essentially from quality of their base
crystals (Si-BC) after production, storage
and operation.

In turn, the quality of Si-BC, determined
by the single-crystal silicon defectiveness
character and degree, significantly affects
on one of the key Si-SC electronic parame-
ters — minority charge carriers (MCC) life-
time 1. In the case of dominant role of bulk
point defects (BPD) and their complexes
(CBPD), as recombination centers (RC), the
MCC lifetime decreases with RC concentra-
tion N, growth, that leads to efficiency re-
duction of considered devices [3]. Note that
according to appropriate comprehensive lit-
erary data among the most effective RC in
the Si-BC are following BPD: vacancies V,
interstitial chromium Cr;, titan Ti;, zine Zn,,
gold Au;, molybdenum Mo;, iron Fe; and
also CBPD: bivacancies V5, trivacancies V3,
V-P, V=2As, Ti-Ti, Zn~Zn;, V,-0O;, Cr-B,
Fe~B, Fe~Al, B~O; and C~O;, where O; —
interstitial oxygen, and atoms of chemical
elements without subscripts correspond to
substitutional impurity in the silicon lat-
tice.

Under the influence of EF in the BPD
and CBPD ensemble inside Si-BC the recon-
structions may occur. In some cases, for
example, under the influence of intense
solar radiation, they result in to N, increase
(owing to the photochemical generation Fe~
B and B-O; complexes), and hence to 1 and
Si-SC efficiency decrease [4]. In other cases,
for example, under the influence of a sta-
tionary magnetic field (SMF) the N, level is
reduced, which results in to t and Si-SC
efficiency increase [5]. At that it still re-
mains as open the problem about the specif-
ics of the reconstruction in point defects
ensemble inside Si-BC under the SMF influ-
ence on Si-SC. At the same time, the solu-
tion of this problem would be essentially
facilitated by establishing a correlation be-
tween the experimentally registered =
changes and mathematically modeled t from
N, dependencies for different BPD and
CBPD. Furthermore, the decision of empha-
sized problem is acquired at the present
time a special actuality in connection with
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the start of applied research on the develop-
ment of next-generation photovoltaic mod-
ule based on multi-junction single crystal
Si-SC  with nt-p-p*-type vertical diode
meshes. The module efficiency of such Si-SC
can be increased about in 1.1 times (up to
26 % in a highly concentrated solar radia-
tion) at the expense of influence on Si-SC
the homogeneous SMF of about 0.5 T induc-
tion [6]. Naturally, the results of computer
simulation of intrinsic point defects, vari-
ous impurities and also their complexes in-
fluence on 1 in Si-BC will provide additional
ability to predict the evolution of electronic
and, therefore, functional parameters, not
only Si-SC, but also other devices based on
single-crystal silicon. This will allow look-
ing for ways to optimize their DTS most
efficiently and cost effectively, as well as to
estimate their reliability and durability
level.

In connection with the information men-
tioned above a purpose of the research,
which main results are described below, was
to create a mathematical model of Si-BC p-
type conductivity with submicron thickness
diffusion n'- and p'-layers under the oppo-
site planar surfaces, and also subsequent
analytical research of the MCC — electrons
lifetime t,, in such base crystals p-layer de-
pendence from range and concentration of
the most probable BPD and CBPD in Si-BC.

2. Experimental

In current research work it was created a
mathematical model for the above men-
tioned Si-BC with 200-300 pm thickness
from silicon SHB-10 mark, grown by the
Czochralski method. The model provides a
possibility of existence in Si-BC p-layer ear-
lier mentioned BPD and CBPD. At that the
existence of P, As, and Al atoms with con-
centrations less than 1014 ¢cm™3 in the
boundary of n'- and p*-layers with p-type
silicon SHB-10 mark of boron doped with
concentration about 1.35-101% em~3, allowed
under the peculiarities of thermodiffusion
method used for n'T-p-pT diode structure
forming. Interstitial atoms of carbon and
oxygen are well-known attribute of single-
crystal silicon grown by Czochralski
method. The atoms of other chemical ele-
ments are classified as background impuri-
ties which are well known for such silicon.

Creating the mathematical model of the
investigated objects was carried out by
using a specialized electronic spreadsheet
for computer simulation of Si-SC and also
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for analytical study of problems related to
real Si-BC electronic parameters influence
on the Si-SC output parameters (finally —
on the efficiency of such devices) [7, 8].
The calculation of 1, values in the inves-
tigated objects was performed at 300 K. In
the Table below the values of recombination
parameters are presented: electrons and
holes capture cross-section area Opp» and
also the depth of recombination centers E.—
E, levels in the silicon band gap towards
conduction band bottom — harmful for con-
sidered diode structures BPD and CBPD
which taken into account in this research.

3. Results and discussion

Dependences of 1, from N, for BPD and
CBPD specified in the Table were calculated
and plotted in Fig. 1 using the created
mathematical model.

As it seems from the graphs presented in
Fig. 1, a obtained dependences of 1, from
CBPD_V_P, V—2AS, V2, V2—O, and V3 con-
centration, are grouped in accordance with
the amount of wvacancies, contained in
CBPD: CBPD with one (V-P and V-2As),
two (V5 and V,—0O)) and three (V3) vacancies.
Graphs of 1,—-N, dependences for V-P and
V-2As complexes practically do not differ
from each other, and the effect of such
CBPD on the 1, value could be described by
a single averaged curve. Qualitatively simi-
lar situation take place in case of V, and
V,—0O; CBPD which, however, have a nega-
tive influence on the t, value versus CBPD
which based on the one vacancy. However,
as it seems from Fig. 1,a the complexes
formed by three vacancies effect the most
negatively on 1, value. The above stated
enable to conclude that the degree of nega-
tive impact of CBPD with vacancies on the
1, value at N, = const is determined by the
number of vacancies, which enters into a
CBPD composition. The negative impact sig-
nificantly increases with vacancies number
growth. Therefore, owing to the fact that
for single-crystal the integration of mono-
vacancies in bivacancies and trivacancies
and also these defects in more intricate
complexes is energetically profitably, it
should be expected that after manufactur-
ing the device structure based on considered
type Si-BC with time in it may occurred a 1,
value decrease under the influence of EF,
providing the necessary level of diffusion
mobility for corresponding structural units
in real silicon crystal.
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Table. Recombination parameters of harm-
ful for Si-SC bulk point defects (BPD) and
their complexes (CBPD) that were used at
the calculation of 1, (N,) dependences

Refe-
rences

BPD and| E.-E,, | 5,, cm? | o,, cm?2
CBPD eV P

Ti; 0.270 |3.1.107**| 1.4.107*% | [7]
Ti~Ti; | 0.865 [1.3.10714| 2.8.10717
Znj | 0.795 |1.510°1%| 4.4.10°1%
Zn~Zn; | 0.470 |1.3.10719/ 6.6.10°1°
Cr; 0.240 |2.0-10714| 4.0-1071% |[7, 9, 10]
Cr—B | 0.844 |5.0.107'5|1.0-10714
Fe, 0.745 (4.0-10714| 7.0-10717
Fe~B | 0.260 |5.0.107'%| 8.0.1071°
Fe~Al | 0.924 |1.0-10715] 2.0-10714| [9]
Au; | 0.550 |1.4.10716] 7.6.10715 | [7]
Mo; | 0.845 |8.0-1015| 6.0-10°16
C~O; | 0.764 |2.5.10714| 2.5.1071°

[7, 11]

[12, 18]

V-P | 0.847 |5.0.10716| 5.0.10716
V=2As | 0.924 |2.5.10715| 2.5.10715
Vv, 0.420 |2.0-.10715| 2.0-1071°
V,=0; | 0.545 |1.7.1071%| 9.0-10714
Vs 0.460 |5.0-10 15]5.0-10 14

The comparative analysis of 1, from N,
dependences, presented in Fig. 1,b enable to
conclude that interstitial titanium and zine
atoms at concentrations above 1010 ¢m™3
start to affect negatively on 1, value, while
CBPD from pair of such identical atoms
start to affect negatively on the specified
parameter at much higher concentrations
which are 102 em™ and 1015 cm™3 for Ti~
Ti; and Zn~Zn;, respectively. Such circum-
stance may be stipulated by the following.
Owing to formation the CBPD from two in-
terstitial atoms of titanium or zine, a satu-
ration of dangling metal bonds of these
point defects occur, that properly from the
Table leads to a decrease o, , values from
10714-10715 cm? for Ti; and Zn; atoms up to
1071710719 ¢m?2 for CBPD Ti~Ti; and Zn~-
Zn;. In turn, the o, , reduction causes the
decrease of Ti~Ti; and Zn~Zn; complexes
negative influence on 1,. Thus, the improve-
ment of MCC electronic parameters in the
silicon crystals in the presence of Ti; and Zn;
impurities can be achieved by carrying out a
treatment that will lead to the integration
of individual titanium and zinc interstitial
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Fig. 1. Dependences of nonequilibrium electrons lifetime from point defects and their complexes
concentration in the p-layer of n*-p-p*-type diode structure based on SHB-10 mark of Si-BC, grown
by the Czochralski method (graphs on the a—d fragments are named in accordance with BPD and
CBPD types by the presence of which they are conditioned).

atoms in the binary complexes from identi-
cal atoms.

Since the real Si-BC of considered type
usually is characterized by the presence of
more than one type of harmful CBPD, the
possibility of several CBPD types influence
on MCC electronic parameters accounting is
practically interested. So the next stage of
this research was the modeling of the simul-
taneous influence of two different types of
harmful CBPD or CBPD and BPD on 1,
value.

As mentioned earlier, one of the main
harmful impurity, which is always present
in silicon crystals grown by the Czochralski
method is the interstitial oxygen. There-
fore, for the considered type Si-BC the B-O;
complex examined as the permanently pre-
sent kind of CBPD. In addition to O; for
such Si-BC as typical impurities also are C;
and Fe;. Therefore, at the calculations on
the second stage of the research in addition
to the B~O; complex, taken into account the
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following CBPD and BPD: V,, V,—0O;, Fe-B,
C~O, and Fe; — to study the influence on 1,
value each of them in pair with B~O;. The
calculated diagrams of 1, values distribu-
tion depending on the various pairs from
specified CBPD and BPD concentrations
presented on Fig. 2 and Fig. 3.

All of these diagrams clearly indicate on
the possibility of significant enhancement
of early mentioned photon degradation ef-
fect in Si-SC based on Si-BC which grown by
Czochralski method and doped by boron at
the generation in them under the influence
of solar radiation, together with B~O; com-
plexes on many orders lower concentrations
of bivacancies and V,-O;, Fe~B and C-O;
complexes. At the same time it is very in-
teresting the fact of increasing the intersti-
tial iron atoms negative contribution after
their introduction in complexes with inter-
stitial atoms of the main dopant — boron,
that follows from a comparison of the dia-
grams presented in fragments a and b of the
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Fig. 2. Diagrams of 1,(N,) dependences for Si-BC considered type at simultaneously dominating
influence of: a — B~O; complexes and bivacancies; b — B~O; and V,-0O; complexes (numeric values
in the diagram field indicate the 1, range at corresponding concentrations of BPD and CBPD).
Ng,-o; cm—3 Ng,-o;, cm~3
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Fig. 8. Diagrams of t,(N,) dependences for Si-BC considered type at simultaneously dominating
influence of: a — B~O; complexes and iron interstitial atoms; b — B~O; and Fe~B complexes; ¢ —
B0, and C~O, complexes (numeric values in the diagram field indicate the 1, range at correspond-
ing concentrations of BPD and CBPD).

Fig. 8. Note that in [4] the emphasized ef-

fect is described as experimentally regis-

Fig. 3, ¢ shows that maximum enhancement
of photon degradation effect in Si-SC, based

tered fact. At that, diagrams, presented in on the considered Si-BC, should be expected
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in the case of C~O; complexes small concen-
tration additives to available in incompara-
bly larger concentrations B~O; complexes.

In addition, our results shown in Fig. 2,
b, may serve as a starting point for further
development of physical conceptions con-
cerning the nature of the noted in introduec-
tion beneficial influence of a stationary
magnetic field on efficiency of the Si-SC
with considered type Si-BC. Indeed, as it
can be seen from Fig. 2, b, a slight decrease
of V,—0O; complexes concentration in Si-BC
causes appreciable increase of 1,, which is a
serious prerequisite for Si-SC efficiency
growth. On the other hand, in [5] it was
proposed the hypothesis, initiated by ideas
from [14] about the involvement in the ef-
fect of Si-SC efficiency increase under the
SMF influence the decomposition process of
CBPD consisting from silicon atoms vacan-
cies and interstitial oxygen atoms. So now
the obvious argument in favor of this hy-
pothesis validity is obtained. After this, the
further study of SMF influence physics on 1
values and Si-SC efficiency with nt-p-p*-
type diode structure may be developed at
realization of appropriate comprehensive
analysis. For example, using methods of
deep level transient spectroscopy (DLTS)
[15] in conjunction with studies of the MCC
lifetime in Si-BC [3] and Si-SC output pa-
rameters determination [16] before and
after the SMF action in combination with
computer simulations of 1, dependencies
from point defects structure reconstruction
results in Si-SC nT-p-pt diode structure
under the SMF influence.

n

4. Conclusions

A mathematical model of solar cells base
crystals with p-type conductivity, and 200-
300 um thickness from SHB-10 mark sili-
con, grown by the Czochralski method, with
submicron thickness n™- and p*-diffusion
layers under the opposite planar surfaces
has been developed. The computer simula-
tions of electrons lifetime 1, dependences
from assortment and concentration N; of
the most probable bulk point defects and
their complexes in such base crystals p-layer
were carried out by using of this model. It
has been shown that degree of CBPD with
vacancies V negative impact on 1, value at
N, = const determined by the quantity of
vacancies, which enters into a CBPD compo-
sition and significantly increase with the
transition from monovacancies to bivacan-
cies V5, and trivacancies V3. In contrast, the
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pairing of individual titanium or zinc inter-
stitial atoms results in significant 1, in-
crease. It has been detected the extremely
strong influence of BPD and CBPD: V,, V,—
O;, Fe—B, C~-O; and Fe, small concentrations
on 1, value which in the presence of signifi-
cantly higher B-O; complexes concentra-
tions perceptibly decreases with N, increas-
ing for each defect from above listed. At
the same time C-O; complexes rendered re-
cord strong influence on 7, value. A number
of obtained results well correlated with the
experimental data which relate to the ef-
fects of photon degradation in solar cells
based on considered type silicon crystals as
well as to influence of a stationary mag-
netic field on such devices efficiency. Over-
all, our results provide additional possibil-
ity for the evolution features prediction of
electronic, and consequently, functional pa-
rameters, not only for Si-SC, but also for
other devices based on such diode struc-
tures. It will allow looking for most effi-
cient and cost effective ways to optimize
their design-technological solutions, and
also estimates their reliability and durabil-
ity level.
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3aJIesKHICTh Yacy KMTTS HEOCHOBHHX HOCIIB 3apamy
BiJi TUIIy Ta KOHIEHTPAaIil TOUKOBUX JAe(PEeKTiB
Y MOHOKPHMCTAJIYHOMY KpPeMHil

P.B.3aiiyes, B.P.Konaxw, M.B.Kipiuenrxo,
I''M./Jopowenko, I'C.Xpunynoé

MeTogoM KOMII'IOTEPHOIO MOJENIOBAHHS MLOCHIIMKEHO B3aJIeKHOCTL yacy KUTTA HEpPiBHO-
BAXKHUX €JIEeKTPOHIB BijJi KOHIIEHTpAIlll eJeMeHTapHuX 06’€MHMX TOUYKOBUX AedeKTiB i pisHo-
MaHITHHX KOMILIEKCiB 06’€MHIX TOUKOBHUX AedeKTiB, aki MoxyTs 6yTu nmpucyrtHiMu B nt-p-
p' miomHWX CTPYKTypax Ha OCHOBI KPHCTANiB KpeMHiI0 p-THUIy IPOBiZHOCTI 3 HHUTOMHM
omopoMm 10 Om-cM, KOTpPi BHPOINYIOTBCA METOAOM YOXPajabChbKOro i Jerymorbesa Gopom. Ps
OTPUMAHUX pPe3YJbTAaTiB Y3rOMKYEThCA 3 BIJOMUMH eKCIIEPUMEHTAJbHUMHU AAHUMH II[0J0
BILIUBY COHSAYHOTO BUIIPOMIHIOBAHHS 1 CTAllioOHAPHOTO MAarHiITHOTO IOJd Ha e(eKTUBHICThb
poGoTu KpeMHieBUX (PoToeseKTpudHuX nepersopiosauis (Si-@PEII) 3 giogHuMu CTPYKTypaMu
posrasinyToro i momibHoro Tumy. 3arajiom, pe3yabTaTy Iiei poboTu 3a6e3neudyioTh TOLATKOBY
MOJKJIMBICTh IPOrHO3YBAHHS OCOOJMBOCTEH €BOJIIOII] eJIeKTPOHHUX, a TOMY i (PyHKIIOHAJb-
HuUX napamerpis, He Tinpkum Si-DEII, ame @I iHmMKWX HOpuIagiB HA OCHOBI TaKMX [iOZHHUX
CTPYKTYP, IO MO3BOJUTHL HAUOIABII e(PEKTUBHO i €KOHOMIUYHO BHUIiZHO MIYKATH IMJISXU OI-
TuMisanili iX KOHCTPYKTHBHO-TEXHOJIOTIUHOIO pillIeHHs, a TaKOK OI[iHIOBATH pPiBeHb ix
HazgifiHOCTI Ta mMOBroBiuHOCTI.

Functional materials, 18, 4, 2011 503



