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Kinetics of the electronically stimulated formation of a boron-oxygen complex
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We present experimental data relating to the slow stage of the illumination-induced or electron-injection-
induced generation, in crystalline p-type silicon, of the carrier-recombination center believed to be the defect
complex (B;O,;)* formed by diffusion of oxygen interstitial dimers O,,** to substitutional boron atoms B~
and, taking account of those data, we consider a detailed theoretical model for the kinetics of the diffusion
reaction. The model proposes that the generation rate of the (B;O,;)* defects is controlled by the capture of a
majority-carrier hole by the dimer following the capture of a minority-carrier electron and by the Coulomb
attraction of the O,;*" to the B,” atom, and leads to predictions for the defect generation rate that are in

excellent quantitative agreement with experiment.
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I. INTRODUCTION

Investigations of the properties of p-n* solar cells fabri-
cated from standard Czochralski-grown single-crystal silicon
that contains oxygen and has boron as the p-type dopant
have shown'™* that the illumination itself causes a decrease
(of about 10% relative) in the energy conversion efficiency
of such solar cells. That reduction in the efficiency is detri-
mental to the economic use of Si(B,0) solar cells, and un-
derstanding of the atomic processes occurring during the ef-
ficiency loss is required to assist in the development of
improved photovoltaic systems. Of importance toward that
understanding is that forward-bias-induced electron injection
into the p-type region of the cell produces quantitatively the
same reduction in conversion efficiency.>* The efficiency
degradation is found>* to occur in two distinct stages, which
(for typical conditions) can be described as a fast process of
thermal-activation energy 0.23 eV, reaching completion on a
time scale of tens of seconds, followed by an independent
slow process of thermal-activation energy 0.47 eV, lasting
several hours. The degradation is attributed, in each stage, to
the formation of a specific defect complex that acts as a
recombination center for electrons and holes. The experi-
mental data have indicated also that in each of the two deg-
radation stages, the final concentration of the particular re-
combination center created is closely proportional to the
boron-doping concentration in the silicon and to the square
of the oxygen concentration.

Despite those similarities of the fast and slow stages, the
experimental data indicate that the fast and slowly formed
recombination centers are created independently of each
other and that the fast formed center is not a precursor of the
slowly formed center. The mechanism for the production of
the fast formed center has been proposed® to be a two-step
process in which the illumination- or forward-biased-induced
minority-carrier electrons cause the rise of the quasi-Fermi
level above the electronic energy level of a preexisting defect
and that is followed by a thermally activated process that
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leads to the creation of the recombination center that is re-
sponsible for the initial, fast degradation of the silicon solar
cell. It has been further proposed'=° that the slow stage of the
solar-cell degradation is due to the formation of the defect
complex (B;0,,)* by diffusion of oxygen interstitial dimers
0,,"" to the immobile substitutional dopant boron ions B,
and>® that that diffusion takes place as a result of a
Bourgoin-type migration process involving alternating
changes in the structure of the O,,"" dimers as they succes-
sively capture minority-carrier electrons and majority-carrier
holes.

In this paper, we present a detailed theoretical model, for
the reaction kinetics of the slow stage of formation of the
defect (B,0,,)", that is based on the previously proposed
Bourgoin-type migration process, and show that the predic-
tions given by the model for the defect-formation process are
in excellent quantitative agreement with experimental data.

II. EXPERIMENTAL METHODS

The lattice defects that cause reduction in p-n* solar-cell
efficiency do so by decreasing the lifetime 7 of the minority-
carrier electrons in the p-silicon active layer of the solar cell,
and that change in the magnitude of 7 depends on the con-
centration of the defects. As one method to investigate the
kinetics of the formation process of the defects, related to
boron and oxygen in silicon, that cause an efficiency loss, we
have therefore made direct time-dependent minority-carrier
lifetime (7-f) measurements on appropriate Si(B,0) samples.
As a second method to study that defect-formation process,
we have measured the time-dependent open-circuit voltage
(Voc-t) of p-n* solar-cell diodes, the p-silicon in the cells
again being boron doped and oxygen containing. As ex-
plained below, V¢ is a function of the minority-carrier life-
time in the p-type layer of the solar cell, and so is also
dependent on the lattice defect concentration in that layer.

The materials under investigation in the 7 measurements
were boron-doped Czochralski (Cz) crystalline silicon wafers
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with a wide variety of boron and oxygen concentrations from
different suppliers and had been heat treated at 650—700 °C
to remove thermal donors associated with the presence of
oxygen. The boron-doping concentration Ny, was evaluated
from four-point-probe resistivity measurements. The magni-
tude of Ny, thus found equals the acceptor concentration
N, when no thermal donors are present in the material.
Interstitial oxygen concentrations [O;] were determined from
infrared absorption measurements, in accordance with the
German Fourier transform infrared standard DIN-50438-1,
using a Bruker Equinox 55 spectrometer. Since bulk recom-
bination centers rather than surface effects were to be stud-
ied, it was necessary to ensure that the recombination activ-
ity at the silicon wafer surfaces was minimal. In order to
keep the surface-recombination velocity below 10 cms™!,
both surfaces of the samples were chemically cleaned in ac-
cordance with the USA-RCA recommended procedure, and
then were passivated using silicon nitride films produced by
plasma-enhanced chemical-vapor deposition.” The passiva-
tion quality of these films neither degrades during light ex-
posure nor during temperature treatments below 250 °C.

All 7t data were obtained, on samples held at or above
room temperature, by means of a commercial system (Semi-
lab, WT-2000) for measurements by the contactless
microwave-photoconductance-decay ~ (MW-PCD)  tech-
nique.*® In this technique, the change in the photoconduc-
tance of a semiconductor sample is detected using micro-
waves reflected by the free carriers in the sample. The
minority-carrier lifetime 7is then the measured time constant
of the decay of the photoconductance following a laser pulse.
The Semilab MW-PCD system is equipped with a
temperature-controlled sample stage allowing 7-f measure-
ments in the temperature range of 25—-250 °C. Prior to each
7-t measurement, the samples were annealed for at least
10 min at 200 °C on an external hot plate; that procedure
required initial exposure to room light conditions but that
exposure lasted no more than 3-5 s.

The solar cells under investigation in the V- measure-
ments were 300-um-thick metal-insulator-semiconductor-
contacted p-n* structures and also passivated emitter rear
locally diffused p-n* solar cells.!° The silicon from which
the solar cells were fabricated had been heat treated to re-
move thermal donors. During each V-t measurement, the
solar cell was held at constant temperature and, in order to
access the very initial time range instantaneously after an-
nealing, a voltage data-acquisition unit (Agilent 34970A)
was used. During the measurements, the solar cell was illu-
minated with a halogen lamp at an intensity of 10 mW/cm?.
Before each such measurement, the solar cell was annealed
within the cryostat in the dark for 10 min at 200 °C.

From our experimental data obtained by the photo-
conductance-decay method applied to the p-type silicon
samples, we determine an effective minority-carrier lifetime
T.¢ defined by the expression®!!

1 1 2S84
— et

Teff  Tp d

(1)

where 7, is the bulk lifetime of the p-type material, S g is the
effective surface-recombination velocity of the sample, and d
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is the sample thickness. Thence, we define a time-dependent
normalized defect concentration N:(t) as

1 1
Teii(t)  Tegp(1=0)"

N.(1)= 2)

where the time ¢ is measured from the start of the illumina-
tion that causes the reduction in the carrier lifetime. The
form of expression (2) ensures that Ni(t) includes only the
defects whose production is caused by the illumination.

The open-circuit voltage Vo of the p-n junction solar cell
depends'? on the photocurrent density J; and the saturation
current density J, via the following expression:

knT J
Voo =2 1n<—L>, 3)

when the ideality factor n of the p-n junction is included if
not equal to unity, and where ¢ is the elementary electronic
charge. Rearrangement of Eq. (3) gives

exp(qVOC/nkBT) = JL/J(). (4)

For the present high efficiency p-n* solar cells which have
effective rear-surface passivation and in which the p-region
minority-carrier diffusion length L,, equal to (D,7,)°, in the
p region is large compared to that region’s thickness W, the
saturation current density J, in Eq. (4) can be expressed'? as

gD n?
Jo= "L tanh(W,/L,), (5)

n*‘tacc

where D,, is the minority-carrier diffusivity in the p region, n;
is the temperature-dependent intrinsic carrier concentration
of the semiconductor, and N, is the acceptor doping con-
centration in the p region. However, tanh(W,/L,) becomes
equal to (W,/L,) for the condition of large L, in our solar
cells, and therefore J,, can be written as

J()E C]/Tn, (6)

where C|, equal to (qnl-sz/NaCC), is a constant. Since, in our
experiments, L, is always much larger than the base thick-
ness of the solar cells Wp, the photocurrent density J; in Eq.
(4) can be considered as constant during our measurement of
the light-induced degradation curves.

Therefore, from Egs. (4) and (6),

exp(qVoc/nkgT)  7,°

where C, is a constant equal to Cy/J;.

However, the right-hand side of Eq. (7) is proportional to
the concentration of all lattice defects that reduce the lifetime
7, by their trapping of minority carriers. Therefore, if we
again specify t as the time elapsed since the start of illumi-
nation, we can define a normalized concentration Nt,oc(t) of

the illumination-induced defects by the expression
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1 1
" explgVoc(t)nkgT] — explgVoc(t =0)/nksT]’
()

In using Eq. (8), we need to consider that the ideality factor
n of the solar-cell diode may change during the defect-
formation process. However, the change of n between the
initial and the fully degraded state depends on the base-
doping concentration N, of the solar cell. For solar cells
having N, of the order of 10'® cm™, as investigated in this
work, 7 is very close to unity and has been found'* not to
change significantly during the formation of the boron-
oxygen-related recombination centers. Therefore, we have
set n as constant equal to unity in our use of expression (8) to
determine NT,OC(I) from our measurements of Ve(2).

Nt’oc(t)

In order to investigate the thermal-activation properties
and kinetics of the defect-formation process, the 7t measure-
ments on silicon wafers and the Voc—t measurements on the
silicon solar cells were performed at various sample tempera-
tures 7.

As in previous works'* on this topic, we define a genera-
tion rate Rye,(T) of the boron-oxygen recombination center
being investigated as

Ryen(T) =[dN"(1)/d(T,1 = 0)N"(t — =), )

where N(7) is equal to N*T(t) of expression (2) for the 7—1¢
measurements and to NT,OC(I) of expression (8) for the Vi
—t measurements. The form of expression (9) for R,,(T)
ensures that it is independent of the proportionality constants
that relate N_(f) and N‘*,OC(I), respectively, to the absolute
concentration of the boron-oxygen lattice defect and, in
agreement with that, we have found no difference between
Ryen(T) values determined from 7-¢ measurements and
Voc—t measurements.

Previous studies! of the illumination-induced solar-cell
degradation have shown that, in each of the fast and slow
stages, N'(T,#) can be well represented by the expression

N(T,1)=N"(t — ®){1 — exp[— Ryen(T)1]}. (10)

The present paper includes further experimental data for the
slow stage, and we find that they also conform to expression
(10).

III. EXPERIMENTAL DATA

Figures 1 and 2 present experimental data that show the
respective dependences of the defect generation rate Ry, on
the boron-doping concentration and on the oxygen concen-
tration. It is seen that R, is very closely proportional is
square of the boron concentration and is independent of the
oxygen concentration.

Figure 3 shows, as an Arrhenius plot, the temperature de-
pendence of the experimental parameter Ry, for the slow
stage of the solar-cell degradation for two concentrations,
1.25X10'® and 3.85X 10'® cm™3, of the boron-doping con-
centration [B,] in Czochralski-grown silicon. The figure in-
dicates that Ry, can be represented by the expression
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FIG. 1. Measured rate Ry, of the slow defect-formation process
at 298 K as a function of the boron-doping concentration [By]. It is
seen that the defect-generation rate is proportional to the square of
the boron concentration over more than two orders of magnitude of
[B,]. The data of Rein et al. are from Ref. 15.

Ryen =Ko eXP(— Egen/kBT) > (11)

g

where the thermal-activation energy E,, is equal to 0.47 eV,
independent of the [B,] value. Also, as stated in Fig. 3, the
analysis of the data indicates values of the preexponential
factor k, of 7.8 X 10° and 8.1 X 10* s™! for the two boron
concentrations.

We now present a theoretical model, for the defect-
formation rate R,.,, whose predictions agree very well with
those experimental observations in terms of the dependences
of Ry, on the boron and oxygen concentrations and also with
the values of the preexponential factor «,.

IV. THEORETICAL MODEL

As previously,'® it is envisaged, on the basis of experi-
mental and theoretical data, that the slowly forming recom-

102
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FIG. 2. Measured rate Ry, of the slow defect-formation process
at 298 K as a function of the interstitial oxygen concentration [O;]
in silicon having a boron-doping concentration of 2.2 10'6 cm™3,
The data show that the defect-generation rate is independent of the
oxygen concentration.
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FIG. 3. The measured temperature dependence of the defect
generation parameter Ry, of the slowly forming degradation defect
for two silicon samples having boron-doping concentrations [B,] of
1.25X10'® and 3.85 % 10'® cm™3, respectively. The symbol k, indi-
cates the values of the preexponential factors of the Arrhenius plots
as deduced from the experimental data shown.

bination center is a defect complex (B,0,;)* of a substitu-
tional boron atom B and a dimer O,; consisting of two
oxygen atoms in interstitial sites, in which the boron is either
bound directly to the two oxygen atoms>® or is bound to a
silicon atom itself bound to the oxygen atoms.!®!7 The for-
mation of the defect complex is considered'=¢ to occur by the
capture of a mobile dimer O,,"* by an immobile B, in
which the thermally activated diffusion of the dimer through
the p-type silicon lattice is enhanced by recombination of
minority-carrier electrons with majority-carrier holes. The
model proposed by Adey et al.>® for that recombination-
enhanced diffusion is based on calculations using the local
electron-density functional theory computer program AIM-
PRO. It assumes, in accordance with other work,'® that some
of the oxygen in the Cz-Si is in the form of doubly positive
oxygen dimers O,,", and that those oxygen dimers can
undergo thermally activated diffusion by a process in which
they move from their stable site in the silicon lattice to
an adjacent equivalent lattice site by successive atomic
rearrangements and charge-state changes that include ther-
mal energy activation, capture of a minority-carrier electron
by O,,7"4 that has a structure described as “square,” and the
subsequent capture of a majority-carrier hole by O,;** hav-
ing a “staggered” structure. The overall process allows the
oxygen dimer O,;*" to diffuse randomly through the silicon
lattice until captured by a substitutional boron atom B~, so
forming the (B,0,;)* defect complex that is the proposed
electron-hole recombination center responsible for the ob-
served efficiency degradation of the solar cell.

We proceed by considering a general atomic reaction of
the form A+ B — C in a crystalline solid, in which a defect A,
here representing the oxygen dimer O,,"**4, diffuses ran-
domly until it is trapped by an immobile atom B, represent-
ing the substitutional boron atom B, and so forms the com-
plex C that represents the (B,0,;)* defect.

The experimental data indicate that the efficiency of the
Cz-Si (B) solar cell is only partially reduced by the illumi-
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nation and that the active part of the cell remains p type.
Since the (0/+) level of the (B,0,;) complex has been
measured'® to be at (E-—0.41 eV), i.e., in the upper half of
the silicon band gap, it cannot be that the (B,0,,) is an active
acceptor, and so we deduce that it is because of electrically
active boron atoms that the silicon remains p type and there-
fore that most of the boron dopant atoms do not capture
oxygen dimers. In accordance with that, we assume that the
concentration N, (per unit volume) of oxygen dimers is
small compared to that of the boron atoms, i.e., that N,
< Nj in our notation. We assume, furthermore, that the con-
centration N, of the oxygen dimers and the concentration Ny
of the isolated boron atoms B decrease only because of the
reaction A+B— C, that therefore Nz can be considered as
essentially constant during the degradation process, and that
the efficiency degradation ceases when all the oxygen dimers
A in the p-type silicon have been captured by the boron
atoms B.

The rate of change of the concentration of the oxygen
dimers A can then be written as

dNA/dt=_NAVA eXp(—EmA/kBT)/nj, (12)

where v, is the jump-attempt frequency of the defect A (i.e.,
the oxygen dimer), E,,, is the thermal activation energy for
the migration (lattice jumping) of A, kg is Boltzmann’s con-
stant, and n; is the mean number of random jumps that A
needs to make to cause formation of the complex C.

We now define vy as the number of sites around a boron
atom B that, when reached by A, constitute automatic forma-

tion of the complex C. Then, n; is given by
nj=NSi/(’yNB), (13)

where Ng; is the silicon atomic density. Because of the as-
sumption of the constancy of N, n; stays constant during the
degradation process.

Therefore, from Eq. (12),

dN,/dt == vy(yNp/Ns)exp(= E,s/kpT)N . (14)

Integration of that expression from [r=0, N,(t=0)] to [#,N,]
gives

N(1) = Ny(r = 0)exp[— v4(yNp/Ns)exp(— E, /kpT)t].
(15)

However, because N(f) is equal to [N4(t=0)—N,(r)] and
N,(t=0) equals No(r— ), the result is, from Eq. (15), that
N(1) is given by the expression

Nc(1) = Ne(t — ){1 — exp[— v4(yNp/Nsy)exp(— E,, alkgT)t]}.
(16)

We note that expression (16) for N(¢) has the same form as
Eq. (10), above, shown by the experimental solar-cell data.
Since the value of N(t— ) equal to N,(¢=0), is the initial
concentration of oxygen dimers in the silicon, and since it is
known'® that that is proportional to the square of the total
oxygen concentration in device-quality silicon, theoretical
expression (16) is in agreement with the oxygen concentra-
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tion dependence of N(f) demonstrated by the experimental
data for the solar-cell degradation.

Further, from Egs. (10) and (16), the value of Ry, is given
by

Rgen(T) = VA(yNB/NSi)eXp(_ EmA/kBT), (17)

which, also in agreement with the experimental data, is in-
dependent of the oxygen concentration.

We now consider the lattice-jump-attempt frequency v, of
the oxygen dimers A. In a usual situation, the jump rate of a
defect A can be expressed as vy exp(—E,4/kgT), where v,
represents an effective atomic vibration frequency of the or-
der of 10" s7! associated with the defect, and E,,, is the
lattice-jump enthalpy. However, in the present case we are
considering>® that the long-range diffusional motion of the
oxygen dimer cannot occur unless the oxygen dimer in the
form O, changes to O, by capture of a positive hole.
Because v, is much larger than the hole-capture rate, the
situation is that, as soon as an O,," dimer captures a hole,
the resultant O,;"**" immediately changes its structure to
0,79, and so it is the rate of hole capture by O,;", instead
of v, that is the preexponential frequency in the diffusion of
the oxygen dimer. Therefore, v, in Eq. (17) is set equal to the
rate of hole capture by O,;**, and that capture rate is v,0p,
where v, is the mean thermal velocity of the holes, oy, is the
hole-capture cross section of the O,,*, and p is the hole
concentration. In consequence, expression (17) becomes

Ryen(T) = v,0,p[ YNg/Nsilexp(= E,alkpT). (18)

However, the hole concentration p is essentially equal to the
boron concentration Ng, and therefore

Ryen(T) = [0,0,(YN3/Ns) Jexp(= E,ulksT).  (19)

Thus, in agreement with the experimental data, R, is pro-
portional to the square of the boron concentration and inde-
pendent of the oxygen concentration.

We note that E,, in expression (11) corresponds to E,,,, in
Eq. (18) and that, similarly,

Ko = [V (YN3/Ng)], (20)

which we need to evaluate for comparison with the experi-
mental data.

We now therefore consider the value of 7y, which, here, is
the number of sites around a substitutional boron atom B,
which, when reached by an oxygen dimer O,,"", causes the
automatic formation of the (B,0,;)* complex. It is clear that
the rate of formation of the (B,0,,)* is enhanced by the
Coulomb attraction between the mobile positively charged
dimer O,,"" and the negatively charged boron atom B_~. We
consider that enhancement, in the standard way, in terms of a
capture radius r,, such that there is automatic formation of
the (B,0,;)* complex (by inevitable correlated jumping of
the O, towards the B,") when the randomly jumping oxy-
gen dimer reaches any point that is a radial distance r, from
the boron atom. It is usual® to estimate r. by setting the
Coulomb attraction energy between the two species at that
radial distance (taking account of the dielectric constant of
the semiconductor) to be equal to the Boltzmann thermal
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energy kgT. Use of that procedure in the present case for T
equal to 298 K (the dielectric constant of silicon being 11.9)
produces a value of r,. of 9.424 nm.

The number of lattice sites per B; atom for which the
(B,0,,)" is inevitably formed, which is the value of vy in
expression (19) above for Ry, is then 47Tr§[N02i]2/3, where
No,, is the volume concentration of oxygen dimer sites in the
silicon. In order to calculate an approximate value for vy, we
assume that the concentration of possible sites for the oxygen
dimers is about the same as the concentration of silicon sub-
stitutional sites. Then, setting r. as 9.424 nm gives a value of
v of approximately 1.5X 10*,

In the present model for the slow stage of the solar-cell
degradation, the preexponential factor k, given by expres-
sion (20) above includes the hole thermal velocity v, and the
hole-capture cross section oy, of the staggered form O,;**" of
the oxygen dimer. Using the thermal velocity effective mass
m,, of holes in silicon at 298 K as 0.41m,,?" then v,, equal to
(8kpT/mm,)", is 1.675% 10" cm s~!. No experimental value
is available for the value of the cross section oy, but the cross
section of a positive defect species, in this case O,;*", for the
capture of a positive hole is likely to be significantly smaller
than the corresponding value of the order of 107'® cm? for a
neutral defect. In order to proceed, we assume a range of
values for ¢y, in particular, of 5.0X 1078, 1.0 X 107", and
5.0X 1077 cm? and calculate theoretical values of «; for
those cross-section values.

Then, the values of the preexponential factor «;, equal to
[v,0,¥(Ng)?/Ng;] in this model for the boron concentrations
Ny of 1.25X 10'0 and 3.85X 10'° cm™3, are as shown in
Table I, in comparison with the corresponding experimental
values stated in Fig. 3. It is seen that, for the assumed range
of values of oy, the theoretical value of the preexponential
factor kj is of the same order of magnitude as the respective
experimental value for each of the two boron-doping concen-
trations. Furthermore, very good agreement between the the-
oretical and experimental data is obtained if o, is assumed to
be 1.0X 1077 cm?.

We need, however, to consider also the rate at which an
oxygen dimer O, ™% captures a minority-carrier electron
created by the illumination or forward biasing of the solar
cell. Because that is a capture of a negative electron by a
doubly positive defect, the cross section o, for that capture is
likely to be large, and we assume a value of 1X 107'* cm?
for it. Noting that the induced concentration n of minority-
carrier electrons is typically about 0.1Np in the experiments
and that the mean thermal velocity of electrons is 1.3
X 107 cms™! [the thermal velocity effective mass of elec-
trons in silicon at 298 K being 0.28m, (Ref. 21)], we esti-
mate the capture rate v,0,n of the electrons by O,,"**9 dimers
as about 3 X 10% s™! when N is 1.25X 10'® cm™. Since that
rate of electron capture by the O,;""*% dimers is much larger
than the hole-capture rate v,0,p of the order of 2 X 10° 571,
by the O, dimers, it is clear, as was assumed above in the
derivation of expression (19) for R,,, that hole capture by
the oxygen dimers controls the lattice-jump rate of the
dimers.

The theoretical model presented above that leads to the
calculated prefactor k; values shown in Table I is therefore
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TABLE 1. The values of the preexponential factor x, calculated from expression (20) for assumed
hole-capture cross sections of 5.0X 1078, 1.0 1077, and 5.0 1077 cm?, in comparison with the experi-

mental values.

Ko
(s™)
Ko Theoretical value
(s) from expression (20)
Experimental

Npg value oy, ay, ay,
(cm™) from Fig. 3 (5.0x 107'8 cm?) (1.0X 1077 cm?) (5.0 10717 cm?)
1.25%x 10" 7.8 103 4.1x10° 82X 10° 4.1x10*
3.85%x 10! 8.1x 10* 3.9x10* 7.8 X 10* 3.9%10°

seen to provide a valid description of the solar-cell slow
degradation process as the trapping of diffusing oxygen
dimers by immobile substitutional boron-doping atoms, in
which the overall rate of that process in terms of the defect
generation rate Ry, is, in agreement with the experimental
data, proportional to the square of the boron-doping concen-
tration and independent of the oxygen concentration. In this
model, that dependence of the rate upon the square of the
boron concentration arises because that rate is proportional
to the product of two terms, (a) the lattice-jump rate of the
dimers controlled by hole capture and (b) the probability per
second that a diffusing dimer becomes trapped by a boron
atom, in which each of those terms is proportional to the
boron concentration. Furthermore, the assumption that the
hole-capture cross section of O, has the very plausible
value of 1.0X 1077 cm? and the inclusion of the Coulomb
attraction between the O,," dimers and the B~ leads to the-
oretical values of the preexponential factor in Ry, that agree
very well with the measured data.

V. CONCLUSIONS

We have presented a theoretical model for the slow stage
of the illumination-induced or electron-injection-induced for-

mation, in boron-doped p-type crystalline silicon, of a boron-
oxygen complex defect (B,O,;)* that acts as an efficient
electron-hole recombination center. The model envisages
that the defect is formed by diffusion of interstitial oxygen
dimers O,;"" to immobile substitutional boron atoms B~
that that diffusion is enhanced by the dimer’s successive cap-
turing of minority-carrier electrons and majority-carrier
holes, and that the formation of the complex is strongly as-
sisted by the Coulomb attraction between the O, and the
B,". It is shown that the model provides a complete quanti-
tative understanding of the experimental data on the oxygen-
concentration dependence, the boron-concentration depen-
dence and the reaction kinetics in the formation of the
(B,0,,)* defect, and of the illumination-induced reduction in
the photovoltaic efficiencies of p-n* solar cells fabricated
from oxygen-containing crystalline silicon in which the
p-type dopant is boron.
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