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Modifications of post-implantation defects and their activity
by annealing procedure

Z.T. KUZNICKI*!, M. LEY!, and P. HOLLIGER?®

ICNRS, Laboratoire PHASE (UPR 292)
BP 20, 23 rue du Loess, F-67037 Strasbourg CEDEX 2, France
2ETI-CEA, Laboratoire d’Electronique, de Technologie et d’Instrumentation
17 rue des Martyrs, F-38054 Grenoble CEDEX 9, France

Photovoltaic characteristics depend simultaneously on optical (absorption, conversion) and electronic (carrier transport and
collection) behaviour. We have analysed theoretically and experimentally some possible modifications of the
post-implantation defect activity on single-crystal Si in view of a very- and ultra-high photovoltaic conversion efficiency.

Beam-induced structural instabilities that depend on the annealing temperature have been observed for the first time by a
spectral response method on heavily doped CZ-Si material. The spectral response results agree well with previous DLTS
measurements that can be carvied out exclusively on lightly doped material. Modifications of the single-crystal surface layer
and its photogeneration activity have been observed after an amoiphising dose of 3Ip beam implantation and related
post-implantation thermal treatment.

Important non-linear external quantum efficiency (EQE) transformations can be explained by the oxygen aggregates at
post-implantation structural defects. When annealed at the relatively low temperature of 300°C during 40 min or 350°C dur-
ing 20 min, oxygen will precipitate on defects and form active recombination centres. This phenomenon is reversible because
a further annealing at 500°C reduces the recombination activity, probably by dissolution of oxygen clusters. Another anneal-
ing at 300°C again activates the recombination centres because the oxygen precipitates once more on non-gettered defects,
and so on.

The observed instabilities are coupled with a post-implantation structural gettering and solid phase epitaxy related to the
flatness and movements of a-Silc-Si heterointerfaces.

The possibility of usefulness of defects and traps in solar cells (and especially in implanted Si material) has been investi-
gated since the 1980s. Usually, the conversion efficiency diminishes because of the non-radiative recombination on numer-
ous defects. We show that an adequate implantation and annealing allow an important transformation of conversion, trans-
port, and collection characteristics.

beam-induced structural instabilities, oxygen precipitates, post-implantation defects, ion beam amorphisa-
tion; recombination activity, planar nanostructure.
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1. Introduction

The electronic behaviour of single-crystal silicon devices is
strongly influenced by impurities (oxygen, carbon) and in-
trinsic point defects. In implanted Si material there are not
only numerous point defects but also extended defects
which can be observed in HREM images [1]. These larger
structural defects combined with oxygen can profoundly
modify the final optoelectronic performance of implanted
solar cells. Oxygen-rich Si crystals show anomalies of type
and size of electrical conductivity because of the presence
of thermal donors [2].

It has been shown that in classical solar cells with a
non-implanted Si material the addition of oxygen into the
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device bulk improves photovoltaic (PV) performance [3].
The same effect cannot be demonstrated in multi-interface
implanted cells. This difference can be explained on the ba-
sis of extended defect — oxygen interactions by analogy to
the effects observed in polycrystalline silicon in sheet form
grown in an inert atmosphere with oxygen added, known as
EFG material [4]. It has been shown that oxygen aggre-
gates at structural defects, preferentially at grain bound-
aries and non-coherent twin bundles. But more interesting
for the present study is the fact that the amount of oxygen
also varies at dislocations within the grains as a function of
annealing conditions. Annealing, even at a very low tem-
perature (350°C), increases oxygen aggregation at struc-
tural defects. The electrical effect following that can be
quenched by a further annealing at 450°C which seems to
cause dissolution of oxygen clusters. The oxygen aggrega-
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tion or dissolution then provokes a respective consequent
increase or decrease of structural defect electrical activity.
In general, this activity does not improve the performance
of implanted solar cells, but that can be eventually con-
trolled with annealing temperature as mentioned, for exam-
ple, in Ref. 5.

By analogy, it can be observed that in any material with
extended defects the oxygen can be incorporated not only at
thermodynamically stable interstitial sites, but also at struc-
tural defects [6]. Contrary to the oxygen, present at intersti-
tial sites (quantified only by low temperature IR measure-
ments), the oxygen at the structural defects cannot be quanti-
fied. Probably this thermodynamic instability is caused by
the nature of oxygen accumulation at structural defects
which forms SiO, clusters, with x < 2. These clusters do not
have thermal stability of SiO, precipitates and their compo-
sition seems to depend on the annealing temperature. As has
been demonstrated before [7], the oxygen segregation at
structural defects strongly affects their electrical activity.

Deep level transient spectroscopy (DLTS) spectra for
imperfect crystal structures show differences from those of
single crystal Si [4]. This method unfortunately cannot be
used in characterisation of all semiconductor materials. In
fact, DLTS has been used for simple defects with exponen-
tial transients, but in many cases non-exponential tran-
sients, caused by high density or multi-level impurities, are
observed in less-imperfect crystals like EFG Si.

This work examines modification of the PV performance
of single-crystal Si solar cells of a MIND (multi-interface
novel device) concept in the presence of extended
post-implantation defects and large oxygen concentrations.
In particular, post-implantation extended defects can be
compared to those of EFG material grain-bulk defects. How-
ever, in the latter case, limited doping-impurity concentra-
tions allow related characterisations (e.g. by DLTS) which
are totally excluded in the heavily implanted material of
MIND solar cells. But by analogy, we can suppose that simi-
lar temperature annealings act in the same way in other than
EFG Si materials, where the extended defects can be deco-
rated or emptied by oxygen as a function of the annealing
temperature. So, as in EFG Si, any imperfect Si crystal con-
tains many deep centres from different level energy states
[8,9]. In this approach we neglect, to the first approximation,
the oxygen interaction with other defects.

The annealing temperature influences the oxygen incor-
poration and, as a consequence, its deep level activity ob-
served by spectral response (external quantum efficiency —
EQE curves). The modification of oxygen aggregates is di-
rectly reflected in the conversion performance because of
the variation of the minority carrier recombination velocity.

2. Experiments and results

The solar cells examined for this paper are 8-BSF solar
cells of a MIND concept [10-12] produced either with
CZ-Si or FZ-Si material. Several types of measurements
and treatments have been performed:
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» EQE and reflection measurements before a complemen-
tary thermal treatment,

« complementary thermal treatment at 500°C during 21
min,

* EQE and reflection measurements after the comple-
mentary thermal treatment, -

» removal of the rear Al sheet-contact, chemical etching
of frosted rear surface and evaporation of a new Al con-
tact,

« EQE and reflection measurements before a contact an-
nealing,

« EQE and reflection measurements after contact anneal-
ing,

« SIMS oxygen profile, and

« EQE measurements under a different intensity of inci-
dent light.

2.1. IR correction coefficient

The correction coefficient allows comparing the EQE curve
shapes of MIND cells obtained at the different stages of
measurements. In general, the shapes change after the treat-
ments applied to the samples. Linear and non-linear trans-
formations are observed as a function of wavelength. They
are produced either by optical effects (photogeneration, ab-
sorption, reflection) or by electronic effects (electronic
transport, resistances, potential barriers).

The EQE evolution was always observed after the com-
plementary thermal treatment (CTT) which was applied to
improve the inserted substructure activity. This evolution
can consist of an important multiplication or division (even
more than a factor 10 in some cases). Such a variation de-
finitively masks the effect due to a sub-structure modifica-
tion which cannot be observed by directly comparing the
EQE curve shapes of cells submitted to different treat-
ments.

It is possible to establish a relationship between the
curve shapes by selecting a characteristic reference
wavelength. The wavelength 1025 nm has been chosen to
avoid a possible influence of the front face or the emitter.
In these regions the photon absorption is important for
the short wavelengths. The corresponding energy (1.21 eV)
is sufficient for photogeneration in c-Si.

After a complementary thermal treatment, different
variations of the spectral response have been observed
from mechanisms having different origins:

« front face (contact, crystalline quality of the superficial
region, oxygen),

» emitter (post-implantation defects, oxygen, substructure
with its interfaces and its transition zones, electron
transport parameters, diffusion length),

» collecting p-n junction (quality coefficient, space
charge region),

» base (post-implantation defects, electron transport pa-
rameters, diffusion length),

« rear face (BSF, contact).
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The variations due to the front face have been mini-
mised because of optimisation of the metal-semiconductor
contact specially designed to support a thermal treatment
up to 700°C, which has been confirmed by all later charac-
terisations.

In our experiments, the non-linear variation due to the
defects and undesired impurities in the emitter, the junction
and the base are relatively less important than the varia-
tions produced by the rear face. The rear contact was nei-
ther specially studied nor carefully deposited. Its behaviour
changes spectacularly during the complementary thermal
treatment because of the potential barrier that increases
with the thermal treatment duration (possibility because of
an intermediate oxide layer growing during the CTT). This
means that the rear contact can produce a serial resistance
rise during the thermal treatment and, consequently, a lin-
ear transformation of the EQE curves.

The effect of the serial resistance introduced by the rear
contact has been confirmed by the following study:

* comparison of EQE characterisations of the same sam-
ple before and after the CTT,

¢ computation of the correction coefficient at 1025 nm,

* multiplication by the EQE correction coefficient taking
into account its smallest value at 1025 nm,

e confirmation of the overlap of the two curves in the IR
range, 900 < A < 1200 nm,

e frequently observed difference of the two curves in the
visible and UV,

= removal of the rear contact and the intermediate oxide
layer between metal and semiconductor,

e deposition of a new Al sheet contact by evaporation,

* measurement of the spectral response with the new rear
contact before its annealing,

e measurement of the spectral response with the new rear
contact after its annealing,

» comparison of differences in the UV and visible among
the three measured results after the applied CTT,

» computation of correction coefficients,

» comparison of the curve shape obtained after the CTT
with the curve shape measured before the CTT,

¢ overlap of the three curves (multiplied by their corre-
sponding correction coefficients) measured after the
CTT is always observed in the IR range,

» conclusion 1: the important EQE transformations after
the CTT are due to the metal-semiconductor contact;
they are linear in the IR range and correspond to the ex-
istence of a serial resistance introduced by the different
treatments (CTT, contact annealing),

» conclusion 2: the EQE variations before and after the
CTT have different origins, as for example:

(i) transformation of the substructure activity,

(ii) modification of contact resistance,

(iii) defect activation/deactivation,

e in typical solar cells, the non-linear EQE transforma-
tions are normally not observed.

The correction coefficient permits comparing the
shapes of EQE transformations of the same sample by
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Fig. 1. Comparison of two EQE curves measured with and without

a large series resistance (especially bad rear contact for the EQE

measurement 14 close to the x-axis) showing the effect of the

correction factor. Even the factor of 408 does not influence the
form of the linear EQE transformation.

overcoming the problem of an imperfect rear contact (if the
curves overlap even only in the IR range). For example,
Fig. 1 shows two EQE curves measured with and without a
large series resistance (especially bad rear contact). After
multiplying curve 14, which initially was close to the
x-axis, by the correction coefficient 408.22 (!) established
at 1025 nm, the two curves are identical over the whole
spectrum.

2.2. Spectral response modifications

A comparison of the normalised internal quantum effi-

ciency (IQE) curves of Figs. 2 and 6 allows separation of

two concordant effects revealed after the thermal treatment
at 500°C, i.e., two simultaneous improvements of:

« solid epitaxy of a-Sifc-Si heterointerfaces,

« quenching activity of oxygen centres. Figure 2 shows
the normalised spectral response curves after an initial
thermal treatment at 500°C for 21 min and a comple-
mentary thermal treatment of the same duration at the
same temperature.
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Fig. 2. Comparison of three IQE curves measured on the same

CB-A-CZ-02 sample before and after a complementary thermal

treatment (CTT) at 500°C for 21 min. Measurement: 01 — before
CTT with the first rear contact, 05 — after.
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Figure 3 shows the reflection measurements before and
after the CTT which confirm an important non-linear trans-
formation due to the displacement of the a-Si/c-Si
heterointerfaces during the CTT.

The fringes in the reflection curves are due to the infer-
ence of light reflected from the sample surface with that
from the c-Si/a-Si and a-Si/c-Si interfaces. Modification of
these fringes could be related to a movement of the
c-Si/a-Si interface by solid epitaxy. There are two charac-
teristic modifications:

* in the range 300 nm < A < 700 nm one depends on the
upper c-Sifa-Si heterointerface movement and

e in the range 750 nm < A < 1200 nm one seems to be
linked to the bottom a-Si/c-Si heterointerface move-
ment and improvement.

What is more, the CZ-Si single-crystal material used
contains, in the most interesting device surface zone, a very
large oxygen concentration as shown in the SIMS profile of
Fig. 4. This oxygen can easily interact with numerous
post-implantation defects and especially with the extended
ones. After the post-implantation thermal treatment, the
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(b)
Fig. 5. HREM images of amorphised layers buried by implantation with their crystalline neighborhood: (a) as-implanted, (b) after an
adequate thermal treatment, and (c) after a poorly adapted thermal treatment. Dark A and B areas appearing as vertical bands in the central

and upper c-Si layer of (b) and the corresponding shadowed area within the bottom c-Si layer of (c) represent extended defects. In the
devices with a small oxygen concentration these extended defect zones do not influence the electronic device behaviour (after Ref. 1).
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Fig. 4. SIMS profile of the oxygen distribution within the CB-A-CZ
sample surface layer. The minimal oxygen concentration at 260 nm
is 2.4x10'? atoms/cm?’.

point defects disappear [13] and only extended defects re-
main. This fact is illustrated by a typical contrast in HREM
images [1] (Fig. 5). At extremely high annealing tempera-
tures (exceeding 1000°C [13]) extended defects can also be
totally gettered, at least from the light absorption point of
view.

To be useful for further interpretation, the reported re-
sults differentiate combined oxygen and solid phase epi-
taxy effects revealed at higher temperatures from those
caused only by the oxygen (seen at low temperatures).

surface

200 nm
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Fig. 6. Same as Fig. 2 but with only two curves: after CTT with the

newly non-formed (measurement 07) and formed rear contact

(measurement 10). These two curves are normalised to the best result
obtained for the same sample at 1025 nm (EQE measurement 13).

Figre 6 shows transformation caused exclusively by the
strengthening of the oxygen activity because of an anneal-
ing temperature too low to move the a-Si/c-Si hetero-
interfaces [14]. The most interesting non-linear transforma-
tions can be observed between 450 and 1000 nm.

The contact annealing was performed at 300°C for 40
min. These conditions correspond very well to the accumu-
lation of oxygen in the post-implantation extended defects.
The characteristic IR part of the normalised IQE curve (be-
tween 1000 and 1200 nm) conserves its initial form. How-
ever, for shorter wavelengths (A < 1000 nm), the deteriora-
tion of performance is considerable. It can be explained by
a single-crystal bulk transformation, more precisely con-
cerning the electron transport behaviour within the ex-
tended defect region. The short-circuit current of spectral
response is reduced, most probably by amplified recombi-
nation activity (transformation of generation/recombination
balance because of the appearance of multi-level energy
states) which follows the oxygen accumulation on the ex-
tended centres. A corresponding activation/deactivation of
oxygen in Si with extended defects has been shown with
DLTS measurements [4] (Fig. 7).
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Fig. 7. DLTS spectra of edge-defined film-fed grown (EPG)
sample with low oxygen content after annealing at different
temperatures [4]. These silicon sheets have large grains and contain
numerous structural defects (dislocations, coherent and non-
-coherent twin bundles, and grain boundaries).
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A second complementary thermal treatment at 500°C
has been applied to reduce the oxygen activity by dissolu-
tion of oxygen clusters. It was limited to 2 min only, be-
cause it is wanted that the amorphised substructure persists.
Figure 8 shows three reflection measurements indicating
the most important modification in the wavelength range
between 450 nm and 550 nm. A 500°C thermal treatment
of 2 min was enough to give again the reflection measured
before the 300°C contact annealing.
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Fig. 8. Comparison of three reflection curves measured before

(Ser03086) the contact annealing, after the contact annealing

(Ley5) and after the second very short (5 min) complementary
thermal treatment at 500°C (Ley7).

After the contact annealing, the reflection changes be-
cause of modification of the refractive index due to the for-
mation of oxygen clusters. Even a short second comple-
mentary thermal treatment at 500°C is enough to come
back to the reflection values before the contact annealing
because of the recrystallisation of the heterointerface c-Si
transition zone being free of oxygen clusters.

-0~ 06d times 2.736
-0~ 0BAd times 5.325
80 < 11dn times 1.545 S

-+ 23dn

— 0 -

= 6

&

- 40 =

i X/g/ \\
400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Fig. 9. Comparison of four internal quantum efficiency (IQE)

curves measured on the same FZ-07 sample before and after a

complementary thermal treatment (CTT) at 500°C for 21 min.

Measurement: 06 — before CTT with the first rear contact, 08 — after

CTT with the first rear contact, 11 — after CTT with the new rear

contact (without contact annealing) and 23 after CTT and contact
annealing.

© 2000 COSiW SEP, Warsaw



~ FZ07 (Ley2)

w0
(=1

< FZ-07 (Ley6) L
80 ﬁ\ - FZ-07 (SIP12) f
70 }% a i

A

Reflection (%)
(%)} (o33
o o

&

200 300 400 500 600 700 800 900 100011001200
Wavelength (nm)

Fig. 10. Comparison of reflection curves measured before the first

complementary thermal treatment at 500°C (SI-P12), after the

contact annealing (Ley2) and after a second complementary
thermal treatment at 500°C (Ley®6).

Contrary to the reflection, an equivalent evolution can-
not be observed in EQE measurements. Possibly the second
CTT was too short to destroy the oxygen clusters and only
the displacement of the a-Si/c-Si causes a modification of
the reflection

The same measurements have been made for a (3-BSF
solar cell produced with FZ-Si material containing less ox-
ygen than the CZ-Si material, but a similar number of ex-
tended defects. Figure 9 shows different IQE results.

The modifications observed after the different thermal
treatments are less important than in the case of a solar cell
made with a CZ-Si material. This can also be shown with
the reflection curves. Figure 10 shows the corresponding
reflection measurements on the sample FZ-07. In the case
of FZ-Si material it is only the first CTT which changes the
reflection of the sample.

100
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400

Fig. 11. Comparison of two spectral responses of internal quantum

efficiencies (IQE) of the same device measured under two

monochromatic light fluxes: curve (a) light intensity about one
order of magnitude greater than for curve (b) (after Ref. 15).
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On the basis of these results, one can conclude that
post-implantation extended defects are not able to modify
the spectral response behaviour when the oxygen concen--
tration is relatively small.

The post-implantation defects combined with a high
oxygen bulk concentration create a large number of re-
combination centres in the c-Si upper layer bulk. Their
negative effect on the spectral response can be quenched
by trap saturation because of the carrier reservoir formed
between the sample surface and the c-Si/a-Si hetero-
interface [15]. This effect is shown in Fig. 11. Two differ-
ent light intensities have been used: a weak one of the or-
der of ptWem and a strong one of hundreds of pWem2,
For the strong light flux the spectral response has its usual
form. For the weak one it is partially quenched by non-
-saturated traps [15].

3. Conclusions

The oxygen activity in the heavily doped Si crystal seems
to be similar to that of the moderately doped as can be mea-
sured by the DLTS method [4]. This could be shown with
our method using the spectral response, the reflection and a
correction coefficient.

The fact that oxygen is present in a relatively large con-
centration is not necessarily bad for the device, contrary to
a conclusion in one of our previous papers [15]. It depends
on the temperature of the isothermal annealing, 300°C
(O activation) and 450°C (O deactivation). The correction
coefficient method allows the comparison of linear and
non-linear transformations. The rear face region interacting
with long wavelength light changes the IQE linearly
whereas the front face region changes it non-linearly. In
this front region, post-implantation defects and a large con-
centration of oxygen atoms are simultaneously present.

The isothermal CTT at 500°C produces two simulta-
neous transformations:

* oxygen deactivation,

« substructure recrystallisation,

contrary to the annealing at 300°C which acts only on the
oxygen activity.

The comparison of CZ and FZ materials confirms that
the role of oxygen is dependent on the annealing condi-
tions. The spectral response for CZ material (with oxygen)
varies depending on treatment temperature. This is in oppo-
sition to variation of the spectral response for FZ material
which is less important because of a smaller oxygen con-
centration (present only in the surface regions).
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