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ABSTRACT: The impact of boron-oxygen-related recombination centers as well as their defect kinetics have been
intensely studied in boron-doped oxygen-rich p-type crystalline silicon. Experimental data for the defect in
simultaneously boron- and phosphorus-doped compensated p- and n-type silicon, however, is sparse. In this study,
we present time-resolved carrier lifetime measurements on Czochralski-grown silicon (Cz-Si) doped with both boron
and phosphorus under illumination at 30°C (defect generation). We confirm a linear dependence of the normalized
defect concentration N;" on the net doping concentration p, as well as a proportionality between the defect generation
rate Rgen and the square of the net doping concentration Po? in compensated p-type Cz-Si. In addition, the defect
generation in compensated n-type Cz-Si is found to proceed on a similar time scale as the defect generation in
(compensated) p-type Cz-Si. However, the shape of the carrier lifetime reduction during defect generation in
compensated n-type silicon differs considerably from that in (compensated) p-type Cz-Si. The defect annihilation in
compensated n-type Cz-Si is found to take up to 1000 times longer than in (compensated) p-type Cz-Si.
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1 INTRODUCTION

Light-induced degradation (LID) of the carrier lifetime
in oxygen-rich boron-doped crystalline silicon due to the
formation of boron-oxygen-related recombination centers
is a well-known and intensely studied phenomenon [1-6].
In B-doped Czochralski-grown silicon with sufficiently
low metal concentrations, the boron-oxy gen-related defect
has been found to ultimately limit the carrier lifetime [5].
As a consequence, this defect also plays an important
role for solar cells fabricated on such material, since it
limits the open-circuit voltage and accordingly the energy
conversion efficiency. The recombination center can be
annihilated by a short anneal in the dark, leading to a
recovery of the carrier lifetime [1,2]. However,
subsequent illumination results in renewed generation of
the defect and accordingly in renewed degradation of the
lifetime.

While most of the previous work has focused on
(exclusively) boron-doped p-type silicon, light-induced
degradation has also been observed in B-doped n-type
silicon, which was overcompensated through the
formation of thermal donors [7]. Very recently, LID was
observed in n-type Czochralski-grown silicon, which was
doped with both boron and phosphorus [8].

In this work, we present time-resolved studies of
both defect generation under illumination and defect
annihilation in the dark at 200°C in boron- and
phosphorus-doped p- and n-type Cz-Si with varying net
doping concentrations po and ng, respectively.

We confirm recent reports that the normalized defect
concentration N increases linearly with the net doping
concentration py and present data which supports recent
findings that the defect generation rate Ry, in

compensated p-type Cz-Si scales with the square of the
net doping concentration po? (instead of the product of
net doping and total boron concentration py x Np).

Comparing compensated p- and n-type Cz-Si, the
defect generation is found to proceed in similar time
intervals, while the evolution of the lifetime during defect
generation differs considerably in both cases. The defect
annihilation, on the other hand, is found to take
significantly longer in n-type silicon when compared to p-
type silicon of similar net doping.

2 EXPERIMENTAL DETAILS

In this work, we use samples from two compensated
Czochralski-grown silicon ingots, which were doped with
both boron and phosphorus. In Ingot A, the boron and
phosphorus concentrations added to the melt were
[Blmeit = [PImer: = 3 x 10 cm3. As a result, the transition
from p- to n-type conductivity is located at about 98%
relative distance from the seed end. The interstitial
oxygen concentration [O;], as determined via Fourier
transform infrared spectroscopy, decreases with
increasing  distance from the seed end, from
[Oi] = (10 £2) x 10 em™® to [Oj] = (7 £1) x 10* cm™®,
In Ingot B, the boron concentration added to the melt was
[Blmerr =6 x 10 cm™  while  the  phosphorus
concentration added to the melt was [Plmer=
9x 10%cm?®.  The transition from p- to n-type
conductivity is located at about 25% ingot height. The
resistivity of the p-type samples from Ingot A ranges
from 1.4 to 5.1 Qcm, while the investigated n-type
sample from Ingot B has a resistivity of 1.05 Qcm.

For lifetime measurements, the samples were damage-
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Figure 1: Light-induced degradation at 25°C of the
carrier lifetime in 1.4 Qcm boron-doped Cz-Si. The
lifetime can be fully recovered by a 10 min anneal at
200°C, as indicated by the dashed line. However,
renewed illumination also results in renewed degradation.

etched and RCA-cleaned. Subsequently, the samples
underwent a phosphorus diffusion (50 min at 847°C) to
remove any fast-diffusing metal impurities. The resulting
n*-layers on both sides were removed by a short etch in
KOH before passivation by plasma-enhanced chemical
vapor-deposited silicon nitride [9].

Lifetime measurements were performed at 29°C using
the quasi-steady-state photoconductance decay technique
(QSSPC) [10]. The carrier lifetime t was extracted at a
fixed injection level of An=0.1 x ng (or py), if not stated
otherwise. Note that the QSSPC technique requires
knowledge on the majority- and minority-carrier mobility
SUM pimaj + Mmin. Since the default mobility model for the
QSSPC analysis is based on a parameterization of
measurements done on non-compensated silicon, it is not
expected to be fully applicable to the compensated
samples studied in this work. Consequently, we
measured both pm, and pmin for each wafer and
subsequently used the obtained values in the analysis
[11].

3 RESULTS AND DISCUSSION

In Fig. 1, an example of light-induced degradation of
the carrier lifetime in a 1.4 Qcm boron-doped Cz-Si
sample is shown. Initially, the sample has a lifetime of
130 us but under illumination at 25°C, the lifetime
decreases to 20 us in the course of 20 hours. The
degradation is fully reversible by a 10 minute anneal at
200°C in darkness, as indicated by the dashed line,
however, subsequent illumination results in renewed
degradation.

To determine the rate of the defect generation Rgep,
the lifetime data tis converted to a normalized defect
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Figure 2: Normalized defect concentration N,” in dopant-
compensated p-type Cz-Si plotted versus the net doping
concentration po (triangles up) and the total boron
concentration N (triangles down). We observe an
increase of N;* with increasing po but a decrease of N,
with increasing Na. Given that in exclusively B-doped
Cz-Si, N;” was found to increase with po= N, a decrease
of N{" with increasing N in compensated Cz-Si is highly
unlikely. Thus, these results strongly indicate that N,
actually depends on py and not on Na.

concentration N;", according to N, (t) = t(t) — 1%, where t
is the duration of illumination and t, is the lifetime after
complete defect annihilation. The dependence of N;" on t
can then be described by an exponential rise to maximum
function of the form N;'(t) = Nymax [1-€Xp(~Rgen t)],
where N;max is the final defect concentration.

In exclusively boron-doped Cz-Si, the normalized
defect concentration N, was found to increase linearly
with the boron concentration Na [2,4,5,6]. This finding
has been explained by a defect model where the
recombination center is composed of a substitutional
boron atom B and an interstitial oxygen dimer O,; to
form a recombination-active BsO,; complex [4,12,13]. In a
recent study on B- and P-doped compensated p-type Cz-
Si, however, we provided preliminary evidence that N,
actually depends on po and not on Ny, although the data
base in this study was quite small (only 2 data points)
[14]. To verify these recent findings on a wider data base,
Fig. 2 shows the normalized defect concentration N,
measured in the compensated p-type samples from
Ingot A plotted versus both p, (triangles up) and Np
(triangles down).

Conveniently, the net doping concentration p, and the
total boron concentration Np in our Ingot A exhibit
opposing trends: p, decreases with increasing distance
from the seed end, while N increases with increasing
distance from the seed end. As a result, we observe an
increase of N;" with increasing po but a decrease of N;"
with increasing Na. However, it should be noted that (in
non-compensated p-type Cz-Si) the defect concentration
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Figure 3: Defect generation Ry, determined in dopant-
compensated p-type Cz-Si plotted versus the square of
net doping concentration pg® (triangles up) and the
product of the net doping and the total boron
concentration po x Na (triangles down). The dashed line is
a fit to existing data of Ry, in non-compensated Cz-Si,
where po= Na [13]. The agreement between compensated
and non-compensated material is much better when Rge,
is plotted versus py’ than for the case where Rgen is
plotted versus pg X Na.

N; has also been found to depend quadratically on the
interstitial oxygen concentration [O{] [2,4,5,6].

In the present set of samples, [O;] decreases with
increasing distance from the seed end of the ingot and
accordingly with increasing Na. As a result, one might
expect an increase of N, due to the increase of N, and
simultaneously a decrease of N, due to the decrease of
[Oi]. The interstitial oxygen concentration in Ingot A
decreases  from  [0]=(10+2)x 10 cm®  to
[Oi] = (7 £1) x 10 cm™. This decrease accounts for a
decrease of N, by a factor of 2. However, we observe a
decrease in the defect concentration by a factor of 3.
Given that the decrease of N;~ due to the decrease of [Oj]
would also be counteracted by the increase due to the
increasing boron concentration Np, the observed decrease
cannot be fully attributed to this effect.

Given that in all studies on exclusively B-doped Cz-
Si an increase of N{* with increasing Na=p, was
observed, an opposing trend in compensated Cz-Si is
difficult to explain. On the other hand, an increase of N,”
with increasing po is in excellent agreement with previous
experimental data on both compensated and non-
compensated Cz-Si. However, these findings do call for a
reassessment of the B;O,; defect model [4,13].

Figure 3 depicts the measured values of Ry, for the p-
type Cz-Si samples as a function of the square of the net
doping po? (triangles up) and as a function of the product
of net doping and total boron concentration py x Na
(triangles down), respectively, on a double-logarithmic
scale. We plot Ry, versus po? as well as po x N4 because
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Figure 4: Typical time dependence of the carrier lifetime
T in compensated p- and n-type Cz-Si under (a)
10 mW/cm? illumination at 30°C and (b) at 200°C in the
dark. Both the defect generation and the defect
annihilation take 2 to 3 orders of magnitude longer in n-
type Cz-Si than in p-type Cz-Si of comparable net
doping and comparable total boron concentrations.

in the B;O, defect model the defect generation rate
Rgen depends on pg x Na (which, in non-compensated
Cz-Si, equals po? = N2 and agrees with experimental data
on non-compensated B-doped p-type Cz-Si [3,6,15]).
However, our recent measurements on two compensated
Cz-Si samples suggested that the defect generation rate
Rgen in compensated p-type Cz-Si actually scales with Po?
rather than with pox Na [14]. With regard to this
question, Fig. 3 shows both dependencies.

Figure 3 also depicts a fit to existing experimental
data of Ry, in non-compensated p-type Cz-Si (dashed
line) [12]. As can be seen from Fig. 3, the present data is
in good agreement with this fit when Ry, is plotted
versus pg?, while we observe considerable deviation if Rgen
is plotted versus pox Na. This supports our recent
findings that the defect generation rate in p-type Cz-Si
actually depends on po? rather than on po x N4 [14]. We
will discuss the consequences of our experimental results
concerning the defect model in more detail in Section 4.

Figure 4 depicts the typical time t dependence of the
lifetime t during (a) defect generation (i.e., light-induced
degradation) and (b) defect annihilation in a p- (triangles
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Figure 4: Schematic of the B;O,; defect model proposed
in [13].

up) and n-type sample (triangles down) on a double-
logarithmic scale. The samples have a similar net doping
of ng=po=1.0x10%cm?3. The defect generation was
performed at a light-intensity of 10 mW/cm? and a
temperature of 30°C while the defect annihilation was
performed at 200°C in the dark. Complete defect
generation in both the p- and the n-type sample takes
approximately 50 h, however, the shape of the reduction
of the lifetime over time in the two samples differs
considerably. On the other hand, defect annihilation in the
n-type sample takes about 1000 times as long as in the p-
type sample. This finding is in agreement with a recent
publication, where the defect annihilation at 215°C in the
dark was reported to take more than 3.5h in a
compensated n-type Cz-Si sample [8].

4 DEFECT MODELS

In non-compensated boron-doped Cz-Si, the defect
concentration N;” shows a proportional increase with the
total boron concentration N, and a quadratic increase
with the interstitial oxygen concentration [O;] [2,4,5,6].
In addition, the defect generation rate Ry, was found to
be proportional to N2 [3,6,15]. These results led to the
development of a defect model where the recombination
center is composed of one substitutional boron atom By
and an interstitial oxygen dimer O,; [4,12,13]. The defect
concentration N is naturally proportional to N, in this
model. Additionally, the defect kinetics of the B:O,;
model predict a proportionality of Ry, on the product of
the hole concentration and the total boron concentration
po % Na. The dependence on p, follows from the
requirement of the oxygen dimer to catch a hole to speed
up the Oy diffusivity while the dependence on N4 is a
consequence of the oxygen dimers bonding with a B; atom
[13]. This model was found to be in excellent agreement
with the experimental data measured on non-compensated
p-type Cz-Si, since in exclusively B-doped Cz-Si
Po* Na = N2

However, in compensated silicon, where the net
doping concentration p, differs from the total boron

Ingot cooling
sinking to B, clusters
B* —) B,
dissolved f—— clustered
H dissolution by

capture of h*

trapping by Oziu

BiC)Zi

latent center

+ +
Zh B.O;;
reconstruction | '€C- center

Figure 5: Schematic of the B;O,; defect model proposed
in [16].

concentration N, initial results suggest that N;" actually
depends on pp (and not on Np) and that Ry, actually
depends on pe® and not on py x Na [14]. These findings
are confirmed in the present study on the base of a much
wider data set. As a result, the B;O,; model needs to be
reassessed.

Very recently, an alternative defect model was
proposed by Voronkov and Falster [16]. In this model,
the recombination center is comprised of one interstitial
boron atom B; and an interstitial oxygen dimer O,;. The
interstitial boron concentration [B;] in this model is
proposed to be proportional to the net doping
concentration po. This dependence follows from the
generation of interstitial boron atoms: during ingot
cooling, B; are created via the kick-out mechanism during
the creation of oxygen precipitates. Subsequently, the
interstitial boron atoms congregate to large clusters.
However, at moderate temperatures, B;" atoms (which are
positively charged in p-type silicon) can also be released
from the neutral clusters after capturing a hole h*. As a
result, there is a constant exchange between the two
states:

B;* (dissolved) < B; (cluster) + h*

Consequently, the concentration of (dissolved)
interstitial boron atoms [B;*] is proportional to the hole
concentration [h*], which in turn equals the net-doping
concentration p, (after the ingot temperature passes the
intrinsic point). At lower temperature, the exchange
between dissolved B;* and B; clusters eventually ceases
and [B;*] becomes fixed. In the model of Voronkov and
Falster, the interstitial boron atoms B;* then bind with
other species such as O;, Oy and Bs. However, at room
temperature, these complexes are all frozen in and the
existing B0, complexes are the so-called latent form of
the boron-oxy gen-related recombination-center.

In this model, the defect concentration N, is
proportional to the interstitial boron concentration [B;*]
which in turn is proportional to the net doping
concentration po. Accordingly, this model is capable of
explaining the experimental finding of our recent and
present work that in compensated silicon N, is
proportional to py (and not to Na).

In addition, the model of Voronkov and Falster
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proposes that the latent form of the B;O,; complex needs
to capture two holes in order to transform into the
recombination-active form. As a result, the model
predicts a quadratic dependence of Ry, on PoZ, Which
would be in agreement with both the experimental results
on exclusively boron-doped p-type Cz-Si and our recent
and present findings on B- and P-doped p-type Cz-Si.

Note however, that the dependence of N, on pg
(instead of N) would also be true for other defect models
involving B; instead of B;. For example, a combination of
the two models also seems conceivable [17]: in this
‘hybrid” model, the recombination-active complex would
be comprised of an interstitial boron atom B; and an
interstitial oxygen dimer Oy, as proposed by Voronkov
and Falster. However, B; and O, would be initially
separated and the defect formation would proceed via the
capture of an oxygen dimer at an interstitial boron atom.
As aresult, N;" would be proportional to [B;*] and in turn
on po, while Ry, would be proportional to the product of
po (as the dimer again needs a hole to speed up its
diffusivity) and [B;*], which in turn equals py>.

Regarding the present results for B-doped
compensated n-type Cz-Si, the B;O,; model predicts a
linear dependence of N;" on N, while the B;O, model
predicts a linear dependence on the net doping
concentration ng [17]. Interestingly, in the present study,
we observe very similar defect concentrations N, in all n-
type wafers, even though both ng and N, vary at least by
a factor of 5 within the set of samples. Obviously, more
detailed studies are necessary to fully understand the
composition and the formation mechanism of the boron-
oxy gen-related recombination center.

5 CONCLUSIONS

We have presented time-dependent lifetime
measurements during light-induced degradation and
subsequent lifetime recovery at elevated temperature in
the dark in compensated p- and n-type Cz-Si samples
doped with both boron and phosphorus. The defect
generation has been found to proceed in comparable time
intervals in both compensated p- and n-type Cz-Si.
However, in compensated n-type Cz-Si, the evolution of
the lifetime during defect generation (at constant light
intensity and temperature) cannot be described by a
simple exponential function (as is the case in B-doped p-
type Cz.Si). The reaction speed of the defect annihilation
has been found to be reduced by up to three orders of
magnitude in compensated n-type Cz-Si when compared
to compensated p-type Cz-Si of similar net doping
concentration po (and comparable total boron
concentration Na).

In addition, we have determined the normalized defect
concentration N, in compensated p-type Cz-Si samples
of varying net doping concentrations p, and total boron
concentrations N and observed a proportional increase
of N;" with increasing p, (rather than a proportionality

between N;" and N,). When compared to data obtained on
exclusively B-doped p-type Cz-Si, the defect generation
rate Rge, in compensated p-type Cz-Si showed better
agreement when Ry, was plotted versus po? than for the
case where Rge, Was plotted versus pg X Na.

As a consequence, similar carrier lifetime limits can be
expected in boron-doped compensated p-type silicon and
in exclusively B-doped Cz-Si of the same net doping
concentration. Accordingly, compensation itself is not
expected to further limit the performance of solar cells
made on compensated p-type Cz-Si.

In light of the present findings, we have discussed the
standard defect model for the boron-oxygen-related
recombination center, in which the recombination center
is comprised of a substitutional boron atom B4 and an
interstitial oxygen dimer Oy, concluding that the
experimental results cannot be explained by the BO,;
model. In addition, we have discussed a recently
proposed defect model in which the complex is
comprised of an interstitial boron atom B; and an
interstitial oxygen dimer Oy;, and concluded that the BOy;
model is capable of explaining the present experimental
results. Still, more experiments are needed to validate the
BiO, model and in particular the proposed formation
Kinetics.
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