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ABSTRACT

We demonstrate that the boron-oxygen (BsOy) re-
combination center responsible for the light-induced deg-
radation of Czochralski silicon solar cells can be deacti-
vated by simultaneous annealing and illumination. After
applying this deactivation treatment the improved carrier
lifetime is shown to be stable under illumination at room
temperature. The measured dependence of the deactiva-
tion rate as a function of temperature indicates that the
process is thermally activated. Based on the experimental
findings a defect reaction model is proposed which attrib-
utes the deactivation to a dissociation reaction of a com-
plex XY of unknown composition and to the subsequent
association of one component X of this complex with the
oxygen dimer Og; into XOg;, thereby reducing the concen-
tration of unbound Oy. An excellent agreement between
the experimental and the modeled time dependence of
the BsOy; concentration is found.

INTRODUCTION

It is well known that the efficiency of solar cells made
on boron-doped Czochralski-grown silicon (Cz-Si) de-
grades under illumination at room temperature until a sta-
ble saturation level is reached [1,2]. The reason for this
degradation has recently been identified to be the forma-
tion of a defect complex BsOazi consisting of one substitu-
tional boron atom (Bs) and one interstitial oxygen dimer
(O21) [3]. This boron-oxygen recombination center has
been found to ultimately limit the carrier lifetime of B-
doped Cz-Si [4]. A complete reversal of this lifetime deg-
radation can be achieved by annealing in the dark at
~200 °C for 10 min, however, subsequent illumination at
room temperature completely degrades the lifetime again
[5]. More recently, it was demonstrated by Herguth et al.
[6,7] that the illumination of B-doped Cz-Si solar cells at
elevated temperature (70 — 160 °C) results in a nearly
complete recovery of the boron-oxygen-related degrada-
tion, which is stable under illumination at room tempera-
ture for more than 140 h. After an initial degradation of the
open-circuit voltage of a Cz-Si solar cell under illumination
at 70 °C a subsequent increase to 80 % of the initial
open-circuit voltage was observed [6,7]. Since the open-
circuit voltage of a solar cell correlates with its bulk carrier
lifetime, it was concluded that the bulk carrier lifetime al-
most completely recovers if excess carriers are present at
elevated temperatures. However, no model capable of
explaining the observed defect deactivation was pro-
posed.

In this contribution, we confirm by means of direct
measurements of recombination lifetimes that high and
stable lifetimes can be achieved in B-doped Cz-Si wafers
by simultaneously annealing and illuminating them. Based
on the experimental results, a defect reaction model is
developed, which is capable of explaining the observed
deactivation effect.

LIFETIME MEASUREMENTS

The material used in this study is 1.4-Qcm B-doped
Cz-Si with a thickness of 300 ym and an interstitial oxy-
gen concentration of [O] = (7.510.5)><1017 cm?, as deter-
mined by means of Fourier transform infrared spectros-
copy. Sample preparation includes an acidic damage
etch, an RCA cleaning, and a PECVD silicon nitride sur-
face passivation [8] on both sides of each sample. In addi-
tion, a ~100 Q/sq phosphorus (P) diffusion is performed at
847 °C for half the samples on both wafer surfaces. The
resulting n* layers on both wafer sides are removed by a
second acidic etch prior to the silicon nitride deposition.
The phosphorus diffusion serves two purposes: (i) metal-
lic impurities are effectively removed from the silicon bulk
by gettering and (ii) the maximum BsO» concentration is
reduced by a factor of 2-3 [9]. Lifetime measurements are
performed at 300 K using the quasi-steady-state photo-
conductance (QSSPC) technique [10], which allows the
extraction of lifetimes at a well-defined injection density. In
order to start from a defined state, all samples are either
annealed in the dark for 10 min at 200 °C or illuminated at
room temperature at a light intensity of 50 mW/cm? for
more than 12 h before we begin to monitor the lifetime.
Accordingly, most of the boron-oxygen complexes are ex-
pected to be either completely dissociated or generated
when the samples are placed on a hotplate and illumi-
nated at 70 mW/cm? with a halogen lamp, the light inten-
sity of which is determined using a calibrated solar cell.
Since the QSSPC measurements are all performed at
room temperature, the samples are temporarily removed
from the hotplate for short time intervals of approximately
60 s. To test the stability of the lifetime after the deactiva-
tion of the BsO2 recombination center, the samples which
were illuminated at 408 K are removed from the hotglate
after 140 h and are then illuminated at 50 mW/cm” for
more than 150 h at room temperature (300 K). During that
time the lifetime is stable within the uncertainty range of
the QSSPC measurement, which is approximately +10 %,
as can be seen from Fig. 1.
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FIG. 1. Time dependence of the lifetime t of two P-
diffused (open symbols) and one undiffused (closed cir-
cles) Cz-Si samples which are illuminated at 135 °C and
165 °C, respectively, at a light intensity of 70 mW/cm?.
The solid lines represent fits of an exponential rise to
maximum function, which yield the time constants tq4e of
the deactivation process.

Performing deactivation experiments of the type
shown in Fig. 1 at different temperatures in the range bet
ween 408 and 485 K shows that the deactivation process
is thermally activated. Figure 2 shows the deactivation
rate Rq4e=1/14e Obtained from the exponential fits to the
time-dependent lifetime curves as a function of inverse
temperature 1000/T. Up to the maximum temperature of
485 K the measured Rqe(1/T) dependence can be fitted by
an Arrhenius law

Rde = vo exp(-Eae/KT), (1)

where vq is the attempt frequency and Ege is the activation
energy of the deactivation process. For the phosphorus-
diffused samples the fit in Fig. 2 vyields
Egep=(0.7240.07) eV and vop = (2.0¢0.5)x10* s™. For the
undiffused Cz-Si samples a similar Ege of (0.69+0.06) eV
is obtained, however, the attempt frequency is one order
of magnitude lower: v = (4J_r2)><103 s,

THEORETICAL MODEL

Based on the experimental results shown in Figs. 1
and 2 we introduce a defect reaction model which is ca-
pable of explaining the complete time evolution of the car-
rier lifetime as shown in Fig. 1. Assuming that the only re-
combination-active defect formed or disappearing during
illumination in B-doped Cz-Si is the BsOz complex, the
normalized defect concentration N‘, which is defined as
the difference between the inverse lifetime after a period ¢
of illumination 1'1(1‘) and the inverse lifetime before illumi-
najion 10'1, is proportional to the BsOy concentration, i.e.
Ny = r'1(t) —1t o [BsOz2i]. As has been shown in previous
publications [3,11], the initial lifetime degradation ob-
served during the first few minutes of illumination can be
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FIG. 2. Arrhenius plot of the deactivation rate Rye for
the same samples as shown in Fig. 1. The |IIum|nat|on in-
tensity during the deactivation is set at 70 mW/cm?. The
Arrhenius fits give activation energies of
Eger =(0.72+0.04) eV and Eg4e = (0.69+0.06) eV for the P-
diffused and the undiffused Cz-Si samples, respectively.

explained by a recombination-enhanced defect reaction of
a fast-diffusing oxygen dimer Oy and an immobile substi-
tutional boron atom Bs:

Bs + Oz = BsOa (2a)

where the generation and dissociation rates of the BsOx;
complex Ra1 and Ry1 have been experimentally deter-
mined with a high degree of accuracy [12]. In order to be
able to model the lifetime recovery, a side defect reaction
involving a complex XY of unknown composition is intro-
duced. XY dissociates by a recombination-enhanced re-
action into its components X and Y and one of the com-
ponents, e.g. X, forms a complex XOy; with the highly mo-
bile oxygen dimer, leading to the reactions:

XY = X+Y  and (2b)

X + Oz ™ XOg (2¢)

In this model, the time dependence of the lifetime de-
picted in Fig. 1 can be understood as follows: Initially, all
oxygen dimers Oy are free while species X is bound in the
complex XY. Due to the recombination-enhanced diffusion
of the oxygen dimers, BsOai centers form very fast under
illumination, while the complex XY, assuming a slow XY
dissociation, gradually begins to dissolve. Accordingly,
reaction (2a) will be in equilibrium after a short period and
the fraction of unbound O begins to react with the
emerging species X to form the recombination-inactive
complex XO,;. Reaction (2a) then requires that more BsOy;
complexes dissociate to conserve the (quasi)-equilibrium
state. Hence, the number of recombination-active BsOy;
centers is reduced.
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FIG. 3. Measured (symbols) and calculated (lines) time
dependence of the normalized defect concentration M
obtained from the data of the P-diffused samples shown
in Fig. 1 at two different temperatures (135 and 165 °C).

To experimentally verify this model, the time-
dependent concentration of the BsOy defect center de-
duced from the model has to be compared to experimen-
tal data, which in turn requires the solution of the corre-
sponding rate equations. However, since the three reac-
tions (2) all happen simultaneously, the rate equations of
the seven involved compounds are interdependent. In or-
der to simplify the problem, two assumptions are made:

(i) the concentration of substitutional boron [Bs], which
equals the doping concentration Ngop, is much larger
than the concentration of oxygen dimers [O2], and

(ii) the concentration of the species Y, i.e. [Y], is much
larger than the concentration of the species X, i.e. [X].

Hence, [Bs] = Ngop and [Y] can be assumed to be time-

independent and two of the seven rate equations can be

neglected. The five remaining rate equations are:

d[BsO2)/dt = - kg1 [BsOz] + kat [Bs] [O21], (3a)
d[XY)/dt = - kgz [XY] + ka2 [X] [Y], (3b)
d[XOg2i)/dt = - kg3 [XOz] + kaz [X] [O21], (3c)
d[O2i)/dt = ka1 [BsOzi] - ka1 [Bs] [Ozi] (3d)

+ kd3 [X02l] - kaS [X] [OZi]y

dIXVdt = kez [XY] - ka2 [X] [Y] (3e)
+ kg3 [XOx2i] - ka3 [X] [O2],

where kqgi and kg are the dissociation and association rate
constants, respectively [13]. Note that k41 = Rg1 and
ka1Ngop = Ra1 Where Rg1 and Ra1 are the dissociation and
association rates for the BsO, complex reported in the lit-
erature [12]. Figure 3 depicts measured data (symbols) of
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Fig 4. Simulated time dependence of the concentrations
of the boron-oxygen center (BsOz), free oxygen-dimers
(O2i) and the compound X. All concentrations are normal-
ized to their maximum values.

the normalized defect concentration N; divided by the
maximum defect concentration N; max, Which was derived
from the lifetime data shown in Fig. 1. In addition, Fig. 3
also shows theoretically calculated data (lines) for the
normalized concentration of the boron-oxygen complex
[BsO2i}/[BsOailmax. The calculation is done iteratively for all
time-dependent concentrations in Eq. (3) by converting
the differential equations into difference equations and
assuming that at t =0, [BsO2] =0, [O2a] = Nt max, [X] =0,
and [XOgz] = 0. Furthermore, [XY]was set at a constant
value. As can be seen, an excellent agreement between
theory and experiment is obtained.

An example of such a calculation is shown in Fig. 4.
At first, the concentration of the BsO, complex increases,
causing the concentration of oxygen-dimers to decrease.
After a few minutes, both the BsO,; and the O, concentra-
tion saturate, indicating that Eq. (2a) has reached quasi-
equilibrium. Meanwhile, the complex XY slowly dissoci-
ates, resulting in an increase of the concentration of X.
Once [X] has reached a critical level, free oxygen-dimers
and free X also begin to form the complex XOg. At this
point, boron-oxygen complexes begin to dissociate to re-
tain the quasi-equilibrium of Eq. (2a) and the concentra-
tion of BsO2 accordingly decreases. This continues until
the majority of oxygen-dimers is bound in the complex
XOg;, at which point all three concentrations begin to satu-
rate. In this calculation, which corresponds to the experi-
mental data of the P-diffused sample regenerated at
135 °C, the final number of recombination-active boron-
oxygen complexes was decreased by one order of magni-
tude.

Importantly, the proposed model is also capable of
explaining the increased deactivation rate Rgye with in-
creasing temperature T. Considering Eq. (3c), the genera-
tion of the complex XO, depends on the amount of avail-
able X and Oy as well as the generation rate ka3. Hence,



both an increase of ka3 and/or a higher dissociation rate of
the complex XY, i.e. kg2, will lead to a more rapid dissocia-
tion of the BsO2 complexes. As mentioned above, the de-
activation rate is also increased by the phosphorus diffu-
sion step. Deactivation of the BsO2 complex in an as-
grown sample takes up to three times longer than in a
sample which was P-diffused. With regard to the pro-
posed defect reaction model, a possible explanation for
this difference could be a speeding up of the XY dissocia-
tion due to the increase of one or both components of the
XY defect during the high-temperature phosphorus diffu-
sion process.

CONCLUSIONS

In this study, it was shown that the light-induced bo-
ron-oxygen-related recombination center in Cz-Si can be
deactivated by simultaneously illuminating the silicon wa-
fer with white light and annealing it at temperatures be-
tween 135 and 210 °C. The deactivation process was
shown to be thermally activated with an activation energy
of 0.7 eV. The recombination lifetime after deactivation
was found to be stable under illumination at room tem-
perature. Based on the experimental findings, we have
proposed a defect reaction model which is capable of ex-
plaining the deactivation process.

Acknowledgments

The authors thank Rolf Brendel (ISFH) for valuable dis-
cussions. This work was funded by the German State of
Lower Saxony and the German Federal Ministry for the
Environment, Nature Conservation, and Nuclear Safety
(BMU) under contract no. 0327650C.

REFERENCES

[1] H. Fischer and W. Pschunder, Proceedings of the 10th
IEEE Photovoltaic Specialists Conference, Palo Alto, CA,
(IEEE New York 1973), p. 404

[2] J. Knobloch, S. W. Glunz, V. Henninger, W. Warta, W.
Wettling, F. Schomann, W. Schmidt, A. Endrds, and K.A.
Muinzer, Proceedings of the 13th European Photovoltaic
Solar Energy Conference, Nice, France, (Stephens, Bed-
ford, 1995), p. 9

[3] J. Schmidt and K. Bothe, Phys. Rev. B 69, 024107
(2004)

[4] K. Bothe, R. Sinton, and J. Schmidt, Prog. Photovolt:
Res. Appl. 13, 287 (2005)

[5] S.W. Glunz, S. Rein, W. Warta, J. Knobloch, and W.
Wettling, Proceedings of the 2nd World Conference and
Exhibition on Photovoltaic Solar Energy Conversion, Vi-
enna, Austria, (Munich: WIP), p.1343

[6] A. Herguth, G. Schubert, M. Kaes, and G. Hahn, Pro-
ceedings of the 21st European Photovoltaic Solar Energy
Conference, Dresden, Germany, (Munich: WIP ), p.530

[7] A. Herguth, G. Schubert, M. Kaes, and G. Hahn, Prog.
Photovolt: Res. Appl. 16, 135 (2008)

[8] T. Lauinger, J. Schmidt, A.G. Aberle, and R. Hezel, J.
Appl. Phys. 68, 1232 (1996)

[9] K. Bothe, J. Schmidt, and R. Hezel, Proceedings of the
29th IEEE Photovoltaic Specialists Conference, New Or-
leans, LA, (IEEE, New York 2002), p. 194

[10] R. Sinton and A. Cuevas, Appl. Phys. Lett. 69, 2510
(1996)

[11] D. Palmer, K. Bothe, and J. Schmidt, Phys. Rev. B
76, 035210 (2007)

[12] K. Bothe and J. Schmidt, J. Appl. Phys. 99, 013701
(2006)

[13] Y.J Lee, J. von Boehm, and R.M. Nieminen, Phys.
Rev. B 66, 165221 (2002)



