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A first-principles study of the BO2 complex in B-doped Czochralski Si reveals a defect-bistability-
mediated carrier recombination mechanism, which contrasts with the standard fixed-level Shockley-Read-
Hall model of recombination. An O2 dimer distant from B causes only weak carrier recombination, which
nevertheless drives O2 diffusion under light to form the BO2 complex. Although BO2 and O2 produce
nearly identical defect levels in the band gap, the recombination at BO2 is substantially faster than at O2

because the charge state of the latter inhibits the hole capture step of recombination.
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Nonradiative carrier recombination at defects can limit
photovoltaic and luminescent device efficiencies; a better
understanding of recombination-active defects and re-
combination mechanisms will be vital to future device
improvements. Deep level transient spectroscopy is often
used to detect semiconductor deep levels, and the
Shockley-Read-Hall (SRH) theory [1,2], which assumes
carrier recombination at fixed energy levels, is used to
calculate recombination rates. While the SRH theory has
been quite successful for more than a half century, there is
no a priori reason to accept the assumption that defect
energy levels are fixed during the recombination. In fact,
many known defects exhibit strong electron-phonon cou-
pling, resulting in carrier-trapping-induced defect struc-
ture relaxation that can influence recombination rates
significantly.

We studied carrier recombination in a defect that limits
the efficiency of solar cells made on B-doped Czochralski
silicon (Cz-Si) wafers. These cells can lose up to 10%
of their initial energy-conversion efficiency due to
illumination-induced formation of recombination centers
[3]. Similar degradation was observed by minority carrier
injection [4]. Since Cz-Si typically has high oxygen con-
centration �O� � 1017–1018 cm�3, the origin of the degra-
dation is attributed to a B and O complex [5–7]. The linear
dependence of the complex density upon both [B] and �O�2

further suggests that the complex is BO2 [7,8]. Schmidt
and Bothe proposed that the interstitial oxygen dimers
diffuse to B to form the BO2 centers [7,8] but left at least
three fundamental questions that must be addressed:
(i) How do electrons and holes (e� and h�) recombine
through the BO2 complex? (ii) Why is the BO2 complex a
more effective recombination center than the uncomplexed
O2 dimer? (iii) What explains the observed light-induced
BO2 formation kinetics?

The oxygen dimer has an unusual bistability, between a
square (sq) and a staggered (st) configuration: Alternation
between these configurations can lead to O2 diffusion [9–
11]. Adey et al. showed that illumination can cause charge
state change that drives O2 diffusion, and this can lead to

O2 trapping at substitutional B [9]. They also calculated the
annealing energy of the BO2 complex, in agreement with
the experimental value. However, Ref. [9] did not point out
that the O2 diffusion process itself is a recombination
process. Furthermore, their fixed-gap-level recombination
model for the BO2 complex is invalid because (i) the defect
levels introduced by BO2 and O2 are nearly identical (see
Fig. 1), as revealed by our first-principles calculations [12],
so their model does not solve the critical problem of why
the BO2 is a strong recombination center but the uncom-
plexed O2 is not; and (ii) the calculated defect level is only
about 0.2 eV below the conduction band edge and may be
too shallow to act as an effective recombination center in
the SRH theory.

In this Letter, we show that both BO2 and O2 are
recombination centers in which recombination is mediated
by large lattice relaxation upon carrier trapping. However,

 

FIG. 1 (color online). Energies of (a) BO2 and
(c) uncomplexed O2 in the square (solid blue lines) and stag-
gered (dashed red lines) configurations as functions of the Fermi
level (EF). Energies for the charge-neutral staggered configura-
tions are set to zero. Horizontal solid lines in the central panel (b)
emphasize the similarities between the two defects: The tran-
sition energies in each defect are nearly identical for both sq and
st configurations. The location of EF at the ground-state tran-
sition of each defect is indicated by the squares.
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the presence of uncomplexed O2 in silicon does not cause a
significant reduction of the carrier lifetime because h�

trapping by the positively charged O2
� is slowed by

Coulomb repulsion, and this majority carrier capture pro-
cess limits the carrier recombination rate. The binding of B
to O2 changes the net charge at the defect complex and
dramatically increases the h� capture and recombination
rates. Our work provides a simple explanation of the
enhanced recombination due to the binding of O2 with B,
as well as improved understanding of light-induced O2

diffusion. The slow h� trapping at O2 also explains the
observed defect generation rate dependence on [B] and
the saturation of the rate at relatively low-illumination
intensity.

Our calculations are based on the density functional
theory within the local density approximation, as imple-
mented in the VASP codes [13]. The electron-ion interac-
tions are described by ultrasoft pseudopotentials [14]. The
valence wave functions are expanded in a plane-wave basis
with a cutoff energy of 300 eV. We have used a 2� 2� 2
k-point mesh and a 216-atom supercell to calculate the
total energy and a 64-atom cell to calculate the energy
barrier using a nudged elastic band method [15]. Atoms are
relaxed until the forces are less than 0:02 eV= �A.

Figures 2(a) and 2(b) show the ground-state structures of
the sq and st BO2 complexes, obtained by a systematic
search up to third-nearest neighbors between B and O2

[16]. Our calculated ground-state BO2 structures agree
with West et al. [17] but not with Adey et al. [9], who
placed B at the nearest oxygen-neighbor site labeled X.
Because of the local ionicity induced by highly electro-
negative O, the Si at site X (SiX) is positively charged,
while its two neighboring O atoms and the B acceptor are
all negatively charged. As a result, the second-nearest-
neighbor binding of B to O2 [see Figs. 2(a) and 2(b)] is
more favored than the nearest-neighbor binding, because
of the SiX-O2 and SiX-B Coulomb attraction and the re-
duced B-O Coulomb repulsion. Figure 1(a) shows that the
ground states of BO2 are BOsq;�

2 and BOst;�
2 depending on

the Fermi level. For these two configurations, our calcu-
lations show that the second-nearest-neighbor binding of B
is more stable than the nearest-neighbor binding by 0.24
and 0.26 eV, respectively. Figure 1(c) shows that the
ground states of O2 are Osq;��

2 and Ost;0
2 . The binding

with B has little effect on the structure of O2. It only
adds the (�) charge of B to the defect complex. The tran-
sition between BOsq;�

2 and BOst;�
2 (at Ev � 0:29 eV, where

Ev is valence band-edge energy) is also only slightly differ-
ent from that between Osq;��

2 and Ost;0
2 (at Ev � 0:22 eV).

We have calculated the binding energy between B� and
Osq;��

2 and Ost;0
2 to be 0.55 and 0.42 eV, respectively.

Since the boron-doped Si is p-type, the BO2 ground state
is thus BOsq;�

2 as shown in Fig. 1(a). Our calculation shows
a 0.82-eV barrier for the BOsq;�

2 ! BOst;�
2 transition, so

sq! st reconfiguration is unlikely in the dark. Under light,

however, sq ! st reconfiguration can take place in an
efficient way, with recombination assisted by reconfigura-
tion as follows:
 

�1� BOsq;�
2 � e� �������! BOsq;0

2 ;

�2� BOsq;0
2 �������!

reconfig
BOst;0

2 ;

�3� BOst;0
2 � h� �������! BOst;�

2 ;

�4� BOst;�
2 �������!

reconfig
BOsq;�

2 :

The numbered processes here are also repre-
sented by the corresponding numbered solid arrows in
Figs. 2(c) and 2(d). Step (1) is an e� trapping to a level
at Ec � 0:2 eV. Step (2) is a reconfiguration process,

 

FIG. 2 (color online). Diagrams of the lowest energy B binding
sites in both the (a) square and (b) staggered BO2 complex are
above the corresponding configurations of (c) and (d). (c) shows
a schematic configuration-coordinate total energy diagram for
recombination. The solid arrows indicate the recombination
steps (1)–(4). The arrow marked h� indicates band-to-band
electronic excitation. (d) shows single-particle electronic-level
positions during the recombination. Here squares (circles) rep-
resent electron (hole) occupied levels on step (2) [(4)]. The
arrows labeled (10) and (30) indicate partial-reconfiguration e�

and h�-capture steps. Uncomplexed O2 diagrams are nearly
identical, except for the increase of net charge by 1.
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which causes a shallow-to-deep transition of the filled elec-
tron level, as shown in Fig. 2(d). The 0.2-eVenergy emitted
in step (1) may assist the conversion of BOsq;0

2 to BOst;0
2

over the 0.17-eV barrier in step (2) [18]. Step (3) is an h�

trapping to a level at Ev � 0:02 eV. In analogy to step (2),
the reconfiguration in step (4) causes a shallow-to-deep
transition of the hole-occupied level, as shown in Fig. 2(d).
Through the sq ! st reconfigurations of steps (1)–(4), the
energy of an �e�-h�� pair is released to lattice vibrations
(or phonons). Although the BO2 continually flips back and
forth between the sq and st configurations induced by
carrier trapping, most O2 do not easily diffuse away from
the B, because of the 0.5-eV binding energy.

Note that the above discussion applies when the carrier
concentration is low. When the concentration is higher,
recombination may not have to complete steps (2) and
(4). For instance, a hole, the majority carrier, may be
captured at (30) in Fig. 2(d) before step (2) is completed.
This is particularly true for the BO0

2 complex, which has a
permanent multipole moment that attracts holes to the
negatively charged O and B ends (in contrast to spherically
symmetric neutral point defects which must rely on in-
duced dipoles to trap carriers). Similarly, an electron may
be captured at (10) before step (4) is completed. These
alternative paths should have significantly reduced emis-
sion probabilities for the captured carriers and reduced (or
even eliminated) energy barriers for the sq ! st reconfigu-
rations [cf. Fig. 2(c)]. Clearly, the standard SRH analysis
[6,19] with its fixed level assumption will need to be
reevaluated for such defect-relaxation-mediated recombi-
nation where the defect level sweeps up and down within
the band gap.

The sq ! st reconfigurations of an uncomplexed O2

have nearly identical barriers as the BO2 in Fig. 2(c).
One may therefore naively assume that the same e�-h�

recombination mechanism should also apply to the uncom-
plexed O2. However, without the associated B�, h� trap-
ping to the positively charged O�2 must now overcome a
repulsive capture barrier. It has been demonstrated that
Coulomb repulsion normally decreases the capture proba-
bility by orders of magnitude [20]. This results in slow
recombination which is not expected to affect the minority
carrier lifetime.

The O2 diffusion path is illustrated in Fig. 3. Carrier-
recombination-assisted reconfigurations can take place as

follows:

 

�1� Osq;��
2 � e� �������! Osq;�

2 ;

�2� Osq;�
2 �������!

reconfig
Ost;�

2 ;

�R� Ost;�
2 �������!

O rotation
Ost;�

2 ;

�3� Ost;�
2 � h� �������! Ost;��

2 �slow�;

�4� Ost;��
2 �������!

reconfig
Osq;��

2 :

While steps (1)–(4) here each have their own BO2 counter-
part, in order for the O2 to diffuse away, however, one
additional step, namely, step (R), is required. In step (R),
which connects the configuration of Figs. 3(b) and 3(c), the
O atoms on the bridge sites rotate over a small barrier of
0.1 eV [10]. The bottleneck of the O2 diffusivity is step (3),
which is slow due to the repulsive h�-capture barrier
described above. This slow recombination-driven diffusion
process is consistent with the observed low BO2 defect
generation rate [8].

The BO2 generation rate should depend on [B], �O2�,
and the O2 hop rate. The hop rate is proportional to the
e�-h� recombination rate 1=�, where � is the time for O2

to complete one recombination cycle. Therefore, the BO2

defect generation rate is Rgen / �B��O2�=� [21]. By exam-
ining which carrier (e� or h�) is rate-limiting for recom-
bination under different experimental conditions, the
dependences of Rgen on [B] and illumination intensity I
can be predicted. Table I shows the asymptotic forms
predicted at both high and low intensities and also lists
the corresponding experimental literature. The fact that all
of our predictions agree with experiment gives strong
support to our suggestion that carrier recombination drives
the O2 diffusion. In particular, the slow h�-trapping rate
limits the O2 diffusion at high intensity (e.g., at typical
solar illumination intensities), and, thus, the BO2 genera-
tion rate is independent of I. Only in the low-illumination
intensity regime where I is less than about 1 mW=cm2

does the minority e� capture become so slow that it limits
the recombination rate. Our theory also predicts, at low-
illumination intensity, Rgen / �B�, which to our knowledge
has not been tested.

Finally, we consider the effects of the larger group III
acceptor atoms in Cz-Si, e.g., Ga. In contrast to B, which

 

FIG. 3 (color online). Oxygen dimer diffusion pathway along f110g. (a)–(d) show key steps on the oxygen dimer pathway as it
moves from between Si atoms 1 and 2 to between Si atoms 2 and 3. (e) shows the first step in moving the dimer further to between Si
atoms 3 and 4.
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binds both Osq
2 and Ost

2 , we find that Ga binds only the Osq
2

but repels the Ost
2 . Our analysis shows that the larger

substitutional Ga puts the Si lattice into local compressive
strain, which is compatible with the local tensile strain of
Si around Osq

2 but incompatible with the compressive strain
induced by Ost

2 along the Si zigzag chains. This incompati-
bility blocks the O2 diffusion pathway shown in Fig. 3, as
the sq! st reconfiguration from Figs. 3(a) and 3(b) be-
comes energetically unfavorable. This prevents the forma-
tion of the GaO2 complex and explains why the
coexistence of O and Ga does not cause the kind of light-
induced degradation observed when O and B coexist [7].
Degradation would also clearly not be expected for In and
other large acceptor atoms in Cz-Si.

In summary, we propose a bistability-mediated recom-
bination mechanism for BO2 in Cz-Si. Such a carrier-
trapping-induced defect relaxation process, accompanied
by changes in the defect level positions, may also take
place at other defect complexes in semiconductors. The
standard fixed-level Shockley-Read-Hall theory must be
applied with great caution to such cases. We also explain
how a change of the net defect charge state drastically
increases the carrier recombination rate at BO2 compared
to the rate at O2. Although the uncomplexed O2 must act as
a recombination center in order to diffuse, the Coulomb
barrier to h� trapping at the O�2 means that the minority
carrier lifetime should not be affected until the BO2 com-
plex forms. This recombination-driven O2 diffusion model
is supported by a number of experimental observations
including the defect generation rate dependences on [B]
and on the illumination intensity.
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TABLE I. Rate-limiting process (RLP) in recombination-driven diffusion of O2, O2 hop rate, and the resulting defect generation rate
(Rgen) at high- and low-illumination intensity (I). Experimental references are shown in parentheses and agree with our theoretical
predictions. �cn and �cp are e� and h� capture time constants, and cn and cp are e� and h� capture rate coefficients, respectively.

I RLP Hop rate Rgen / �B�=�

High h� trapping 1=� 	 1=�cp 
 cp�p� / �B� Rgen / �B�
2 (Ref. [22]); independent of I (Ref. [5])

Low e� trapping 1=� 	 1=�cn 
 cn�n� / I Rgen / �B�; Rgen / I (Ref. [5])
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