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Laser ablation (LA) has been compared with standard wet etching for contact opening in crystalline silicon n+p solar cells, from a
perspective of electrically active defects, assessed by Deep-Level Transient Spectroscopy (DLTS). Copper metallization is employed,
including a plated nickel diffusion barrier. It is shown that a hole trap around 0.17 eV above the valence band is systematically
present in the depletion region of the junctions, irrespective of the contact opening method. This level could correspond with the
substitutional nickel donor level in silicon and indicates that Ni in-diffusion occurs during the contact processing. No clear evidence
for the presence of electrically active copper has been found. In addition, two other hole traps H2 and H3, belonging to point defects,
have been observed after wet etching and standard LA, while for the highest laser power (hard LA) a broad band develops around
175 K, which is believed to be associated with dislocations, penetrating the p-type base region. Evidence will also be given for the
impurity decoration of the dislocations, which enhances their electrical activity.
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Cost reduction is one of the major driving forces in the technology
development of silicon solar cells. This explains the current interest
in the introduction of a copper-based metallization, replacing more
expensive Ag contacts.1–3 The implementation of copper interconnects
in Complementary Metal-Oxide-Semiconductor (CMOS) technology
has elucidated that there exist several yield and reliability issues.4

From a perspective of solar cell performance, one should in the first
instance be concerned with the presence of copper in the depletion
and the neutral base region, which can degrade the generation and
recombination lifetime, respectively.

Interstitial copper (Cui) is one of the fastest diffusors in silicon, so
that it can penetrate deep in the substrate at reasonable time scales,
even at room temperature.5 In dissolved form, i.e., as individual atom
or in small defect pairs/complexes, its impact on the recombination
lifetime6–10 and solar cell performance11–13 is rather limited. This is
related to the fact that the electrically active substitutional state forms
only a fraction of the total solid solubility, compared with the domi-
nant mobile Cui.5 The latter is a positively charged donor, with a level
close to the conduction band. At room temperature, copper will be in
supersaturation and the interstitials tend to precipitate at the surface
or at internal sinks, given their high diffusivity. In the former case, the
presence of Cu at the Si/SiO2 interface will increase the surface re-
combination velocity by creating a higher density of interface states.14

In precipitated form, the impact of copper on the recombination life-
time is much more pronounced.15–17 This is opposite to the behavior
of iron, another well-known transition-metal impurity in silicon.18 It is
believed that copper precipitation is the origin of the so-called copper-
related light-induced degradation (Cu-LID) of the minority carrier
lifetime τ.19 Therefore, to preserve the efficiency in crystalline-silicon
solar cells with copper metallization, one should avoid its presence in
the base region.

In order to prevent the in-diffusion of copper in the underlying
silicon substrate, a diffusion barrier, like, e.g., a thin nickel layer is
usually applied.1–3 However, Ni behaves rather similar to copper, with
a solid solubility governed by the fast diffusing interstitial species and
a small fraction of electrically active substitutional nickel (Nis).20 This
implies that the impact on the bulk recombination lifetime is rather
moderate.21–24 At the same time, the donor level of interstitial nickel
(Nii) is expected to be close to or even inside the valence band, so
that it will be always in the neutral charge state in silicon. Again,
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nickel will have a strong tendency to precipitate.25 When present in
a silicon p-n junction, for example as a consequence of a too ag-
gressive nickel silicidation step, nickel precipitates will degrade the
reverse dark current,26,27 an undesirable feature for optimal solar cell
performance.

Opening of the passivation layer for contact formation by laser ab-
lation (LA), enables a better controll for narrower line features, com-
pared with standard wet etching. In addition, it can reduce the process
complexity and cost.28 Drawback is that when a too high laser power
is applied, extended defects (dislocations) are formed28–30 which may
penetrate from the n+ emitter into the p-type silicon base region. It has
been shown that these dislocations are electrically active28 and become
even more so after solar cell ageing,31 especially when decorated with
transition metal atoms.

In this work, potential issues with defect fomation associated with
laser ablation and metal plating will be studied relying on Deep-Level
Transient Spectroscopy (DLTS)32,33 on n+-p junction diodes. Elec-
trically active defects in the p-type base depletion region have been
investigated as a function of the LA power conditions (hard versus
standard); as a reference, solar cells fabricated with a wet-etch open-
ing of the contact areas are studied as well. It is shown that while there
is evidence for the presence of nickel in the p-type base, no measurable
electrically active copper has been found. For hard LA conditions, the
presence of dislocations in the depletion region is shown, which could
form an issue with respect to the reliability of the solar cells.31

Processing and Measurement Details

P-doped n+-type emitters have been fabricated by POCl3 diffusion
into 1–3 �cm p-type Czochralski silicon substrates. Passivation of the
textured solar cells has been achieved by Plasma-Enhanced Chemical
Vapor Deposition (PECVD) of a SiNx:H layer on top of SiO2. The
∼100 nm dielectric layer at the front was opened by ps UltraViolet
(UV)-laser ablation (355 nm wavelength), using a low (0.72 J/cm2),
standard or high fluence (1.08 J/cm2) (hard LA). The laser spot was 12
μm, with 50% overlap between the adjacent spots. The contact open-
ing size was 1.5 × 1.5 mm2. This was compared with contact hole
opening by wet etching (WE) to remove the 100 nm SiNx/SiO2 passi-
vation layer. After contact opening, approximately 1 μm of nickel was
deposited by light-induced plating, followed by 8 to 10 μm of elec-
troplated copper. More details of the processing have been previously
reported.30,34,35
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Figure 1. I-V characteristics for a wet-etched, a standard and a hard LA n+p
junction at 292 K.

Diodes with area AJ of 2mm × 2mm were laser-cut from the
finished solar cells for DLTS analysis. In this way, an n+p junction
is obtained with a maximum capacitance below the system limit of
3 nF. Before cooling the sample in a liquid-nitrogen flow cryostat,
Current-Voltage (I-V) and Capacitance-Voltage (C-V) measurements
have been performed at room temperature (RT), the latter at a fixed
frequency of 1 MHz. The doping density Ndop and profile versus de-
pletion depth W have been derived from a C−2 versus VR plot. Hereby
is the depletion width given by:

W (VR ) = ε0εSiAJC (VR ) [1]

with ɛ0 the permittivity of vacuum and ɛSi the dielectric constant of sil-
icon. DLTS has been executed using a Fast-Fourier Transform (FFT)
system from PhysTech. Temperature (T-) scans have been performed
at different bias pulses from a reverse bias VR to a pulse bias VP, for
different durations tp, ranging from 10 ns to 1 s, using the fast pulse
mode. The latter type of measurements has been used to derive the
trap filling kinetics. The pulse period was tw. Typical values of W for
a VR from 0 V to −10 V are in the range of 0.5 to 1 μm, which also
defines the region where the deep level information in DLTS is coming
from. Arrhenius plots have been derived by calculating numerically
the spectra for different combinations of the Fourier coefficients, vary-
ing the hole emission time constant (τ) window and linear fitting the
obtained τT2 versus 1/kBT data points (kB Boltzmann’s constant).

Results and Discussion

First, the results of the basic diode characterization (I-V; C-V; dop-
ing profile) will be discussed, followed by a description of the DLTS
results.

Basic n+p diode characteristics.—According to Fig. 1, reasonable
I-V characteristics have been obtained for the wet-etched (WE) and
LA n+p junctions at room temperature. It should be remarked here that
the edges of the wafer-cut diodes have not been passivated. This could
cause significant additional perimeter leakage, assisted by the dangling
bonds/damage at these sidewalls. It may explain the fairly high dark
current for the WE and standard LA diodes at VR = −10 V, compared
with the hard LA diode. In fact, for the finished solar cells the leakage
current, dominated by carrier generation in the bulk depletion region,
is highest for hard LA, due to the presence of dislocations in the p-
type base region.34,35 At the same time, the reverse current was found
to be thermally activated, reducing at lower T. In this way, the DLTS
measurements will not be affected too much by the leakage current.

Figure 2. C-V characteristics for a wet-etched, a standard and a hard LA n+p
junction at 292 K. The frequency of the ac modulation signal of 30 mV is
1 MHz.

The corresponding C-V curves at 1 MHz are represented in Fig. 2.
For all reported junctions, a B doping density in the range of 1.5 to
2.2 × 1016 cm−3 is derived in Fig. 3, with a profile decaying slightly
at larger depths. The differences between the diodes fall within the
estimated 10% accuracy of the C-V measurements and are consistent
with the specified resistivity of the starting p-type wafers. In addition,
the measurement range for deep levels in DLTS derived from Fig. 3 is
approximately between 0.2 μm and 1 μm below the junction, in the
p-type base.

Deep levels in the p-type base.—The spectra for the wet etched
sample in Fig. 4 exhibit two main hole traps in the p-type base layer:
a peak H1 at about 80 K and another one H2 at ∼150 K. A third
minor peak H3 occurs close to RT (∼250 K). The activation energy
EA of the first trap amounts to 0.17 eV and a hole capture cross section
σp of ∼7 × 10−15 cm2 (Fig. 5). As argued previously,34,35 this level
most likely originates from the substitutional nickel (Nis

+/0) donor
level at EV+0.160 eV36 (EV, the top of the valence band). Another
candidate is the Cus

+/0 donor level at EV+0.207 eV.37 However, the

Figure 3. Doping concentration profile for a wet-etched, a standard and a hard
LA n+p junction at 292 K.
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Figure 4. DLT-spectra for different bias pulses, using a sampling period tw =
51.2 ms and a pulse duration tp = 1 ms for a wet-etched n+p diode.

agreement of the measured Arrhenius plot is considerably better for the
Nis level. This suggests that there is some Ni in-diffusion in the silicon
wafer, yielding concentrations in the range of ∼1012 cm−3 (Fig. 4) to
∼1013 cm−3 (Fig. 7) for the WE diodes.

The other two hole traps H2 and H3 in Fig. 5 give rise to an acti-
vation enthalpy of 0.29 eV and 0.415 eV, respectively. It should first
of all be remarked that there is a rather large error bar on the extracted
values, given the rather noisy and broad character of the small peaks.
Nevertheless, we may compare with other Ni-36 and Cu-related37,38

deep levels found in the literature in the same temperature range. The
H2 hole trap is close to the H150 level at EV+0.29 eV and assigned to
a Ni-H related defect.36 For H3, two possible candidates could be the
H190 Ni-H2 single acceptor at EV+0.46 eV or the H240 Ni-H (+/0)
single donor level at EV+0.49 eV.36 From forward-bias stressing the
n+p diodes, it was derived that the active B concentration in the de-
pletion region can be reduced, suggesting the passivation by mobile
hydrogen.31 This could provide some support for the presence of Ni-H
related hole traps in the p-type depletion region. Quite recently, it has
been shown that Cu-Ni related hole traps can be formed in p-type Cu-
doped silicon at about 160 and 190 K.38 However, they appear to be

Figure 5. Arrhenius plot for the hole traps H1, H2 and H3 observed by DLTS
in the p-type base region. kB is Boltzmann’s constant.

Figure 6. DLTS amplitude versus pulse duration for the H1 peak in a wet
etched n+p junction, corresponding with different measurement temperatures
and a sampling period tw = 0.512 s. The pulse was from −1 V to 0 V.

unstable at room temperature, disappearing from detection after two
days. It is unlikely that we are observing these levels here, as DLTS
has been performed several weeks after processing the devices.

Alternatively, the level at EV+0.29 eV is close to the interstitial
carbon Ci related donor.39–43 However, as the DLTS measurements
have been performed a long time after the solar cell processing and
considering the high diffusivity and reactivity of Ci at room temper-
ature, this assignment is rather unlikely. Another possible candidate
could be the Bi-Bs level at EV+0.28 eV found in 10 MeV proton-
irradiated p-type solar cells.44 The origin of level H3 appears to be
even more obscure – one possibility could be the unidentified level at
EV+0.40 eV in carbon-implanted p-type silicon.40

Filling of the H1 trap by holes is investigated in function of the
pulse duration tp in Fig. 6 for a wet-etched n+p diode, at different
temperatures. It can be derived from this plot that trap filling occurs
between 10 μs and 1 ms in the T-range of 90 K to 95.8 K. It means
that a tp of 1 ms is sufficient to saturate the trap concentration in Fig. 4
for peak H1. At the same time, similar filling rates can be observed,
indicating a weak temperature dependence of the hole capture cross
section in this case.

The use of a n+p junction allows to inject minority carriers in the
p-type base during a bias pulse into forward operation, enabling the
detection of minority carrier (electron) traps in the upper half of the
bandgap.32,33 Figure 7 compares the majority carrier spectra with a
minority carrier injection curve, for a pulse from −1 V to +0.7 V
for a WE diode. During the forward-bias pulse, minority electrons
will be injected close to the junction and are available for capture
by electron traps. In this case, a pronounced negative peak at 75 K
is observed in Fig. 7. The corresponding shallow electron trap could
be the double acceptor level of Nis

−/2− at EC-0.07 eV.36 However, a
second, single acceptor peak at EC-0.45 eV (EC, the bottom of the
conduction band) would be expected, which is not clearly found in
Fig. 7. Perhaps the small negative feature around 200 K belongs to
this centre. Alternatively, the electron trap could be identified as the
acceptor level of Ci or a more stable C-related complex.42 The origin
of the second broad electron trap around 125 K is as yet unclear. In
general, the identification of minority carrier traps in DLTS is more
challenging.

According to Fig. 8, the standard LA diode exhibits DLT-spectra
which are similar to the WE case (Fig. 4). For example, trap H1 is
also present, indicating that the nickel-silicidation process most likely
introduces nickel in the underlying p-type base, irrespective of the con-
tact opening method. According to Fig. 9, similar activation energies
as in Fig. 5 can be derived from an Arrhenius plot for the hole traps H1
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Figure 7. Forward injection spectrum for a pulse from −1 V to +0.7 V, com-
pared with the majority carrier spectra for a wet-etched n+p diode.

and H2 in the standard LA diode. Also the trap concentrations NT are
on the same order of magnitude, in the range of 1013 cm−3, consider-
ing a p-type doping concentration of 2 × 1016 cm−3. Finally, the trap
filling by holes exhibits the same kinetics as evidenced by Fig. 10, in
comparison with Fig. 6.

The hard LA sample equally exhibits the 80 K hole trap in Fig. 11,
with a similar peak height, i.e., trap concentration. The level H3 is not
clearly detected in the spectrum, while a new hole trap emerges around
175 K. This peak is rather broad, suggesting it does not belong to a
simple point defect and changes its position with bias pulse; its peak
position moves to higher T for a bias pulse closer to the junction. It
indicates that instead of a single level, a density-of-states (DOS) is be-
ing probed, possibly associated with extended defects. From previous
work, it has been established that under LA conditions, dislocations are
formed,28–30 which at high laser power can penetrate from the emitter
into the p-type base. Comparing the broad band in Fig. 11 with litera-
ture data for plastically deformed p-type silicon, similar broad peaks

Figure 8. DLT-spectra for different bias pulses, using a sampling time constant
tw = 51.2 ms and a pulse duration tp = 1 ms for a standard laser-ablated n+p
diode.

Figure 9. Arrhenius plot for a standard LA n+p junction and corresponding
with hole trap H1 (a) and H2 (b). The data points has been extracted from
spectra corresponding with different pulses.

Figure 10. DLTS amplitude versus pulse duration for the H1 peak in a standard
LA n+p junction, corresponding with different measurement temperatures and
a sampling period tw = 0.512 s. The pulse was from −1 V to 0 V.
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Figure 11. DLT-spectra for different bias pulses, using a sampling time con-
stant tw = 51.2 ms and a pulse duration tp = 1 ms for a hard laser-ablated n+p
diode.

have been found in the range of EV+0.4 eV to EV+0.5 eV.45–49 In this
case, no clear minority carrier peaks have been found in the −1 V to
+0.7 V spectrum.

A further way to confirm the extended defect nature of the traps in
the hard LA diode is by recording the trap filling kinetics.49 Figure 12
shows the evolution of the spectra as a function of the pulse duration tp.
While there is no pronounced evolution of the 175 K band, surprisingly,
a pronounced increase of the peak amplitude with tp is observed for the
80 K level. The trap filling in the range from 100 μs to 10 ms does not
saturate, in contrast to the behavior for the WE (Fig. 6) and standard
LA diode (Fig. 10), where a constant peak amplitude is found in that tp

range. It indicates a major change in the capture kinetics, which could
be understood in terms of a change in the hole capture cross section
(with temperature) or in a change of the free hole density. The peak
amplitude keeps increasing and resembles more what is expected for
an extended defect, like a dislocation, namely, a trap filling increasing
proportionally with ln(tp). This casts some doubt on the assignment of
the H1 level in the hard LA diodes to a point defect, and more specific

Figure 12. DLT-spectra for a hard LA n+p diode, using a pulse from −2 V
to 0 V corresponding with different pulse durations. The sampling period is
51.2 ms.

to the donor level of Nis. Moreover, the capture kinetics is much slower
than would be expected for a level with a hole capture cross section of
7 × 10−15 cm2. Considering a doping density of 2 × 1016 cm−3, one
expects a capture time constant in the range of 10 μs – much faster
than observed in Fig. 12.

One could associate the 80 K peak in Fig. 11 with some shal-
low dislocation-related hole traps.47,48 The fact that the same level
is present in WE samples contradicts this interpretation, as no dis-
locations are expected to occur in that case. A tentative alternative
model is to assume that the hole trap still corresponds with a point de-
fect, but occurring in the strain field of a dislocation. In other words,
the point defects decorate the dislocations and are affected by the re-
pulsive potential barrier with height q� existing around a charged
dislocation and repelling majority carriers. This causes a slower than
expected trap filling, with a corresponding hole concentration profile
given by p0exp(-q�/kBT), with p0 the free carrier concentration out-
side the space charge cylinder surrounding a dislocation. In fact, a
similar observation has been found in the past for Fe atoms decorating
dislocations in p-type silicon.50

Summary

Deep levels in silicon n+p solar cells with copper metallization
have been studied for different contact opening methods, either based
on a standard wet etching or on laser ablation. A hole trap at 0.17 eV
from the valence band is found consistently in all samples, irrespective
of the contact opening and is tentatively assigned to the donor level
of substitutional nickel. Deeper hole traps are found as well, which
depend on the processing conditions: while two more types of point
defects are found for the WE and standard LA diode, one single broad
band is found for the hard LA samples, which could be associated with
dislocations formed during the contact opening and penetrating from
the shallow emitter into the p-type base.
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